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Ferroelectric thin films with perovskite structure have wide applications as micro-
actuators, sensors, capacitors, memories and opto-electronic devices.  To achieve the 
excellent mechanical, optical and electrical performance of these devices, a key 
challenge is to obtain a ferroelectric thin film with the desired perovskite structure and 
properties. Chemical solution deposition (CSD) is advantageous over other thin film 
deposition methods due to its flexibility in the chemistry control of the solution, 
which has dramatic effects on the phase development.  
The aim of this study is to synthesize epitaxial perovskite ferroelectric thin films 
with excellent properties through CSD approach, especially those in which the 
perovskite structure is difficult to form, such as Pb(Zn1/3Nb2/3)O3 (PZN)-based thin 
films. A polyethylene glycol (PEG)-modified chemical solution deposition method is 
employed. Pb(Zr,Ti)O3 (PZT), Pb(Zn1/3Nb2/3)O3-PbTiO3 (PZN-PT) and 
Pb(Zn1/3Nb2/3)O3-Pb(Mg1/3Nb2/3)O3-PbTiO3 (PZMN-PT) thin films with perovskite 
structure have been successfully prepared this way.   
PZT was first selected to study the effects of PEG modification on the 
microstructure and electric properties of the derived films. The PEG-modified 
solution produced crack-free films even when the thickness of the film was over 1 
µm. It was observed that with the aid of PEG, single perovskite phase formed in the 
PZT films at a lower temperature (580 oC). In contrast, the pyrochlore phase formed 
in the film prepared from the sol without PEG at 580 oC and transformed into 
perovskite phase at a higher temperature, as indicated by X-ray diffraction (XRD) 
 viii
 results. PEG with increased molecular weights led to decreased density of the films, 
and thus deteriorated electrical and mechanical properties.   
 
PEG effectively aided formation of the perovskite phase in the PZN-PT thin films. 
XRD results showed that perovskite phase formed in all the (1-x)PZN-xPT thin films 
with x ranging from 0.1 to 0.7 prepared from PEG-modified sol precursor. Pyrochlore 
phase was not detectable in the films with thickness of 0.25 µm when PT content was 
above 20 mol%. The perovskite phase was still dominant in the 0.9PZN-0.1PT thin 
film, which is near the morphotropic phase boundary (MPB) composition. PEG 
molecular weights and addition amounts in the precursor also affected the 
crystallization process.   
In order to eliminate the pyrochlore phase completely in the PZN-PT system with 
low PT content without deteriorating its electrical properties, PMN was introduced in 
the PZN-PT thin film. The film with a MPB composition at 0.77(0.6PZN-0.4PMN)-
0.23PT (0.77PZMN-0.23PT) was successfully prepared with complete perovskite 
phase. Results further proved that PEG plays an important role in promoting 
formation of the perovskite phase. 
Mechanism of PEG promoting formation of the perovskite phase has been 
systematically investigated. X-ray photoelectron spectroscopy (XPS) spectrum 
showed that the chemical state of Pb4f shifted to a higher binding energy with the 
presence of PEG, which is closer to that in the perovskite phase. It is thought that 
chelates formed between lead cations and oxygens from PEG so that the lead cations 
are made more ionic which favors the formation of the perovskite phase. Results also 
showed that Pb-O bonds may not be broken during pyrolysis and the oxygens could 
 ix
 be brought to the perovskite structure by rearranging themselves. As a result, 
formation of the pyrochlore phase was skipped.  
 The dielectric properties of the 0.7PZN-0.3PT thin films were comparable with 
PZT. The dielectric constant and loss of the 0.77PZMN-0.23PT film are 3494 and 
0.06 respectively at the frequency of 1 kHz. The dielectric constant is much higher 
than that of PZT. The remnant polarization and coercive field are 12 µC/cm2 and 19 
kV/cm, respectively. The effective d33 is 69 pm/V at 100 kHz without taking into 
account the clamping effect of the substrate. The films are promising for the 
applications as capacitors, ferroelectric memories and piezoelectric devices.  
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Notations
λ X-ray wavelength 
 θ Bragg angle 
ε0 Permittivity of free space (8.85×10-12 F/m) 
εr   Relative permittivity (dielectric constant) 
'ε  Real part of relative permittivity, 
''ε  Imaginary part of relative permittivity 
A     Area of electrode  
C Capacitance 
0C  Vacuum capacitance  
d33  Piezoelectric coefficient 
Ec  Coercive field 
Pr  Remnant polarization 
Psat  Saturated polarization  
hν  Photon energy  
)(δtg   Dissipation factor (dielectric loss) 






DRAM   
Complementary metal oxide semiconductor  
Chemical solution deposition  
Differential thermal analysis 
Dynamic random access memory 
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 EEPROM  
FESEM  
FeFET   
FeRAMs 
GADDS   
IR 
LAO   
LNO    
LSMO   
LSV 
FTIR    














Electrically erasable read only memories  
Field emission scanning electron microscopy 
Ferroelectric field-effect transistor 
Ferroelectric random access memories  
General area detection diffraction system 
Infra red  
Lanthanum aluminate 
Lanthanum nickel oxide 
Lanthanum strontium manganate 
Laser scanning vibrometer 
Fourier transform infrared spectroscopy 
Micro electro-mechanical system 
Metalorganic chemical vapor deposition 
Metalorganic decomposition  
Morphotropic phase boundary 
Polyethylene glycol 
Pulsed laser deposition  
Lead magnesium titanate 
(1-x)PZMN-xPT or (1-x)(0.6PZN-0.4PMN)-xPT 
Lead titanate 
Lead zinc niobate 
(1-x)PZN-xPT 
Lead zirconate titanate 
Radio frequency  



























































A polarization-electric field hysteresis loop.                               
 
The ABO3 perovskite-type unit cell: (A) above the Curie 
temperature the cell is cubic; (B) below the Curie temperature 
is tetragonal with B displaced relative to the O2- ions.                 
 
Phase diagram of the PZN-PT system. The MPB is 
represented by the dashed line between the rhombohedral and 
tetragonal phases.                     
 
Cross section of a molecular recognition biosensor based on 
piezoelectric thin film.           
                                                       
The incident X-rays and reflected X-rays make an angle of θ 
symmetric to the normal of crystal plane.  
 
Five major units in a GADDS XRD system: x-ray generator 
(sealed tube); x-ray optics (monochromator and collimator); 
goniometer and sample stage; sample alignment and monitor 
(laser-video); and area detector.                                                   
Schematic diagram of a scanning electron microscopy. 
 
PEG molecular weight dependence of the film thickness. 
Annealed at 700 °C for 10 minutes (12 layers). 
 
XRD patterns of the PZT films prepared from the sols with 
and without PEG modification: (a) no PEG; (b) PEG200; (c) 
PEG400; (d) PEG600; and (e) PEG1450. All the films were 
annealed at 700 °C for 10 min.  
 
XRD patterns of the PZT films made from the sols with and 
witouth PEG modification: (a) no PEG (b) PEG200, (c) 
PEG400, (d) PEG600, and (e) PEG1450. All the films were 
annealed at 580 °C for 10 min.  
 
Cracks in the PZT film made from the sols without PEG 
modification. (B) is an enlarged view of the selected area in 
(A).  
 
Surface morphology of PZT films made from the sol 
modified with PEG of different molecular weight: (A) 
PEG200; (B) PEG400; (C) PEG600; and (D) PEG1450. All 
the films were annealed at 700 °C for 10 min.  
 














































































without PEG modification: (a) no PEG; (b) PEG200; (c) 
PEG400; (d) PEG600; and (e) PEG1450. All the films were 
annealed at 700 °C for 10 min. 
 
Flowchart for the preparation of the precursor solutions for 
(1-x)PZN-xPT thin films.  
  
 XRD patterns of (1-x)PZN-xPT films on LAO substrates 
with different x: (a) 0.1; (b) 0.2; (c) 0.3; (d) 0.4; (e) 0.5; (f) 
0.6 and (g) 0.7. The films were annealed  at 580 °C for 10 
min.  
 
XRD patterns of (1-x)PZN-xPT films on LAO substrates 
with different x: (a) 0.1; (b) 0.2; (c) 0.3; (d) 0.4; (e) 0.5; (f) 
0.6 and (g) 0.7. The films were annealed  at 700 °C for 10 
min.  
 
XRD patterns of (1-x)PZN-xPT films on LAO substrate 
prepared from sols without PEG200 modification: (a) 
0.8PZN-0.2PT annealed at 580 oC for 10 min; (b) 0.5PZN-
0.5PT annealed at 580 oC for 10 min; (c) 0.3PZN-0.7PT 
annealed at 580 oC for 10 min; (d) 0.5PZN-0.5PT annealed 
at 700 oC for 30 min, and (e) 0.3PZN-0.7PT annealed at 700 
oC for 10 min.  
 
 Room temperature Raman spectra of (1-x)PZN-xPT thin 
films on LAO substrates with different x: (a) 0.1; (b) 0.2; (c) 
0.3; (d) 0.4; (e) 0.5; (f) 0.6 and (g) 0.7. The films were 
annealed at 700 oC for 10 min.  
 
SEM images of 4-layer (1-x)PZN-xPT films: 0.8PZN-0.2PT 
prepared from the sol without PEG (A); and derived from 
the PEG200-modified sols with x: (B) 0.1; (C) 0.2; (D) 0.3; 
(E) 0.4; (F) 0.5;  (G) 0.6 and (H) 0.7. The films were 
annealed at 700 oC for 10 min.  
 
XRD patterns of (1-x)PZN-xPT films on LAO substrates 
with different x: (a) 0.1; (b) 0.2; (c) 0.3; (d) 0.4; (e) 0.5; (f) 
0.6 and (g) 0.7. The films were annealed at 800 °C for 10 
min.  
 
XRD patterns of 0.6PZN-0.4PT films on LAO substrate 
annealed at 700 oC for different time: (a) 10 min; (b) 30 min; 
and (c) 1 hour.  
 
XRD patterns of the 0.8PZN-0.2PT thin films on LAO 
substrates, prepared from sols modified with 30 wt% of PEG 
of different molecular weights: (a) ethylene glycol; (b) 
PEG200; (c) PEG400; (d) PEG600; and (e) PEG1450. The 































































XRD patterns of 0.8PZN-0.2PT films prepared from sols 
modified with different amounts of PEG200, (a) 30 wt%; (b) 
45 wt%; (c) 60 wt% and (d) 80 wt%. The films were 
annealed at 580 oC for 10 min.  
 
XRD patterns of (1-x)PZN-xPT films prepared from the sols 
modified with 60 wt% of PEG200 on LAO substrate with x: 
(a) 0.1; (b) 0.2; and (c) 0.3. The films were annealed  at 580 
°C for 10 min.  
 
Phi-scan pattern of the (110)-plane of the 0.8PZN-0.2PT 
film on LAO substrate prepared from the sols modified with 
60 wt% of PEG200. The films were annealed at 580 °C for 
10 min.  
 
XRD results of the0.8PZN-0.2PT thin films on LAO 
substrate derived from (A) PEG200 modified sol; (B) sol 
without PEG modification. Films were heated at (a) 400 oC; 
(b) 450 oC; (c) 500 oC; (d) 550 oC; (e) 580 oC and (f) 700 oC 
for 10 min.   
 
FTIR spectra of the 0.8PZN-0.2PT thin films on LAO 
substrate without (a-c) and with (d-f) PEG modification.  A 
and B: carbonates stretching mode; C: H-O-H bending 
mode; and D: vibration mode of C-O-C group.  
 
TGA/DTA profiles of 0.8PZN-0.2PT gel precursor with and 
without PEG200.  
 
XPS profiles of Pb4f in the 1-layer 0.6PZN-0.4PT thin films 
heat-treated at different temperatures. (A) The films derived 
from the sol with PEG modification; (B) The films derived 
from the sol without PEG modification. The solid lines are 
experimental results, and the dashed lines are fitting curves.  
 
Illustration of the 0.7PZN-0.3PT thin film sample on the 
LAO substrate with bottom electrode (LNO) and top 
electrode (Au).  
 
 
XRD patterns of 0.7PZN-0.3PT film on LNO coated LAO 
substrate prepared from the sol modified with 60 wt% of 
PEG200: (a) pre-annealed at 580 oC for 10 min; (b) annealed 
at 700 oC for 10 min.  
 
Dielectric constant and dielectric loss of a 0.7PZN-0.3PT 
film on LNO coated LAO substrate prepared from the sol 































































P-E hysteresis loop of the 0.7PZN-0.3PT film on LNO-
coated LAO substrate prepared from the sol modified with 
60 wt% of PEG200; annealed at 700 oC for 10 min. 
 
The three dimensional drawing of the vibration of the 
0.7PZN-0.3PT film.  
 
XRD results of the 0.77PZMN-0.23PT thin films heat-
treated at different temperatures; the films were derived 
from (A) PEG200-modified sol; (B) sol without PEG.  
 
XRD results of the 4-layer (1-x)PZMN-xPT thin films 
derived from PEG200-modified sol with various x values: 
(a) 0.1; (b) 0.23; and (c) 0.3. The films were annealed at 700 
oC for 10 min.  
 
Phi-scan images of the (111)-plane of the 0.77PZMN-0.23PT 
film on LAO substrate prepared from the sols modified with 




SEM patterns of 4-layer 0.77PZMN-0.23PT films on LAO 
substrates derived from different sols: (a) without PEG 
modification; (b) with 60 wt% PEG200 modification. The 
films were annealed at 700 oC for 10 min.  
 
XPS profiles of Pb4f in the 1-layer 0.77PZMN-0.23PT thin 
films heat-treated at different temperatures. (A) The films 
derived from the sol with PEG modification; (B) The films 
derived from the sol without PEG modification. The solid 
lines are the experimental results and the dashed lines are the 
fitting curves.  
 
XPS profile of Pb4f in the 4-layer 0.7PZMN-0.3PT thin film 
Films derived from the sol with PEG modification and 
annealed at 700 oC for 10 min. The solid lines are the 
experimental results and the dashed line is the fitting curves.  
 
TGA/DTA curves of the 0.77PZMN-0.23PT gels. Solid 
lines: no PEG, dashed lines: with PEG200.  
 
XRD patterns of 0.77PZMN-0.23PT films on LSMO/LAO 
substrates: (a) annealed at 580 oC for 10 minutes; (b) 
annealed at 700 oC for 10 minutes.  
 
Dielectric constant and dielectric loss of a 0.77PZMN-
0.23PT film on LSMO-coated LAO substrate prepared from 
the sol modified with 60 wt% of PEG200; annealed at 700 




















































P-E hysteresis loops of 0.77PZMN-0.23PT film on LSMO 
coated LAO substrate prepared from the sol modified with 
60 wt% of PEG200: (a) 300 kV/cm; (b) 400 kV/cm; and (c) 
550 kV/cm. Annealed at 700 oC for 10 min.  
 
The three dimensional drawing of the instantaneous 
vibration of the 0.77PZMN-0.23PT film (100 kHz, 9.5V).  
 
Dilatation magnitude of the 0.77PZMN-0.23PT film. (A) 
Frequency dependence at 4.8V; and (B) voltage dependence 
at 100 kHz.   
 
The cubic fluorite structure of MO2.   
 
1/8 unit cell of the pyrochlore stucuture as derived from a 
fluorite lattice.  
 
A part of schematic projection of pyrochlore (A2B2O6O’) 
structure along the threefold axis.   
 
Coordinations of A (left) and B (right) cations. Note that 
nonlabeled spheres represent O atoms.  
 
The structure of cubic perovskite ABO3 shown as body-
centered.  
 
Local environment of Pb2+ in the PEG-modified precursor. 
(A) PEG with 5 oxygen donors; (B) PEG with 6 oxygen 
donors. Oxygen donors in the PEG200 arrange themselves 
in a nearly equatorial plane leaving two axial sites for anion 
(CH3COO-) coordination.  
 
Schematic drawing of free energy in PZN during 



































Symbols of the 32 point groups in crystallography.  
Properties of some piezoelectric materials. 
Ferroelectrics and dielectric properties of PZN and doped-
PZN thin films.  
 
The mechanical and electrical properties of the PZT films 
prepared from the sols with and without PEG modification 
(annealed at 700 °C for 10 minutes).  
 













Chapter 1: Introduction 
 
Chapter 1 Introduction 
1.1 Ferroelectric materials  
1.1.1 Symmetry, piezoelectricity, pyroelectricity, and ferroelectricity 
Structural symmetry affects physical properties of crystals, such as dielectric, 
elastic, piezoelectric, pyroelectric, ferroelectric, and nonlinear optical properties. 
Depending on their geometry, crystals are commonly classified into seven systems. 
As shown in Table 1.1, these systems can further be divided into point groups, so that 
the lattice structure of all existing crystals can be described by 32 point groups which 
comprise 230 microscopic symmetry types (space groups). 21 of the 32 point groups 
do not possess any center of symmetry. All noncentrosymmetric point groups, except 
for the (432) point group, show piezoelectric effect along a unique axis direction. [1-3]  
Piezoelectricity is a phenomenon where positive and negative charges are 
generated on the crystal surface when appropriate stresses are applied. Inversely, 
when a voltage is applied across a piezoelectric material, it can undergo a mechanical 
distortion in response. [4, 5] Ten of the noncentrosymmetric groups have a unique 
polar axis (Table 1.1). This implies one unique rotation axis, and along this axis the 
atomic arrangement at one end is different from that at the other end. The crystals 
belonging to these groups are called polar crystals since they exhibit spontaneous 
polarization or, equivalently expressed, electric moment per unit volume. Polar 
crystals exhibit the phenomenon of pyroelectricity, which is a temperature 
dependence of the spontaneous polarization. As the temperature is changed, electric 
charges corresponding to the change of the spontaneous polarization appear on the 
surface of the crystal. [6]  
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If the spontaneous polarization of a pyroelectric crystal can be reversed by an 
electric field, it is called ferroelectric. The polarization-field hysteresis loop illustrated 
in Figure 1.1 is the practical demonstration of ferroelectricity. As applied electric field 
is increased the ferroelectric domains (regions of uniform polarization) which are 
favorably oriented with respect to the electric field grow at the expense of other 
domains. This phenomenon continues until total domain growth and reorientation of 
all the domains has occurred in a direction favorable to external field. At this stage the 
material is assumed to possess saturated polarization (Psat). If the electric field is 
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removed at this point some of the domains do not reorient into a random configuration 
and thus leaving the material still polarized. This polarization is known as remnant 
polarization (Pr). The strength of the electric field required to return the polarization to 
 















 Figure 1.1 A polarization-electric field hysteresis loop.mportance is the distinction between ferroelectric and nonferroelectric for 
vskite-type ferroelectric materials 
cium titanate (CaTiO3). Many useful 
ic materials? The ferroelectric’s ability to orient its polarization allows it to 
y application of an electric field typically at elevated temperature) so that 
xes in a random polycrystalline material can be oriented and produce a net 
ic response. 
kite is the name of the mineral cal
c materials share the perovskite-type structure. As shown in Figure 2, these 
mics have the general chemical formula ABO3, where O is oxygen, A 
a cation with a larger ionic radius, and B a cation with a smaller ionic 
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radius [2]. Above the Curie temperature (Tc) these materials have a centrosymmetric 
structure and hence do not exhibit any spontaneous polarization as shown in Figure 
1.2 (A). This phase is known as paraelectric phase. As the temperature is lowered 
below the Curie point phase transformation takes place from paraelectric state to 
ferroelectric state. The center ion is displaced from its body center position and the 
cubic unit cell deforms to one of the noncentrosymmetric structures such as tetragonal, 
rombohedral or monoclinic structures as shown in Figure 1.2 (B). The polarization 
response with the electric field of these materials is highly non-linear and exhibits a 
hysteresis loop as shown in Figure 1.1.   
Many ferroelectrics have a perovskite type structure, such as barium titanate 
(Ba
piezoelectric constant, as shown in Table 1.2.   
TiO3), strontium titanate (SrTiO3), lead titanate (PbTiO3), lead zirconate titanate 
(PZT), lead lanthanum zirconate titanate (PLZT), barium strontium titanate (BST), 
lead magnesium niobate (PMN), and lead zinc niobate (PZN). Compared with other 





Figure 1.2 The ABO  perovskite-type unit cell: (A) above the Curie temperature 
the cell is cubic; (B) below the Curie temperature is tetragonal with B displaced 
relative to the O  anions 
3
2- [2].  
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Table 1.2 Properties of some piezoelectric materials [7-9]. 
Material Formula 
 
Form Piezoelectric constant 
(pm/V or pC/N) 
Quartz SiO2 Single crystal d11=2.3 
Zinc oxide 33=12 
Polyviny uoride (C 2 2 n Orien  
Ammoni drogen NH4 2 4 36











1/3 2/3 3 3 d33
ZnO Single crystal d
lidene fl H CF ) ted film d31=28 




Ti lycrystalline d =117 
 
=270 BaTiO lycrystalline d











Nb2/3)O3 Single crystal 33= 2411 
Pb(Zn Nb )O -PbTiO Single crystal =2820 
 
PZT has been the most extensively studied and widely used material among all the 
perovskite ferroelectrics. A morphotropic phase boundary (MPB) exists when the 
mo
3
lar ratio of Zr/Ti is 52/48. The MPB separates two different crystallographic 
phases, for example, rhombohedral and tetragonal phases. At the MPB compositions, 
two phases co-exist, exhibiting anomalous dielectric and piezoelectric properties. 
Several other ferroelectric materials have properties that are comparable with those in 
the PZT system, particularly other perovskite-based materials that also have a MPB. 
Among those with properties of interest are the PMN-PT system (MPB at 30 mole% 
lead titanate) [10], PZN-PT system (MPB at 9 mole% lead titanate) [11] and 0.6PZN-
0.4PMN-PT system (MPB at 23 mole% lead titanate) [12, 13]. Some of the above 
materials which will be involved in this study are discussed in details below. 
 
(a) Lead titanate (PbTiO , PT) 
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Lead titanate is a ferroelectric material with a high Curie point (490 oC). On 
decreasing the temperature through the Curie point a phase transition from the 
paraelectric cubic phase to the ferroelectric tetragonal phase takes place.  
y undergo a 
large volume change on cooling below the Curie temperature. It is the result of a 
cubic to tetragonal phase transformation leading to a strain larger than 6%. Hence, 
pure PbTiO3 ceramics crack and fracture during fabrication. The spontaneous strain 
developed during cooling can be reduced by modifying the lead titanate with various 
dopants such as Ca, Sr, Ba, Sn and W to obtain a crack free ceramic.  
l and chemical 
deposition methods [14, 15]. The perovskite phase in the lead titanate is stable, 
therefore it is added to other systems such as PMN or PZN to stabilize the perovskite 
phase in these systems. A MPB which separates the rhombohedral and tetragonal 
phases exists in both PMN-PT and PZN-PT systems. Materials with the MPB 
compositions exhibit extraordinary dielectric and piezoelectric properties.  
Lead zirconate titanate (PZT) is a binary solid solution of PbZrO3 (an 
antiferroelectric with orthorhombic structure) and PbTiO3 (a ferroelectric with 
tetragonal perovskite structure). PZT has a perovskite structure with the Ti  and Zr  
ions occupying the B site at random. In the tetragonal phase, the spontaneous 
polarization is along the <001> set of directions while in the rhombohedral phase the 
polarization is along the <111> set of directions. The MPB separating the two 
ferroelectric tetragonal and rhombohedral phases has a composition with a Zr/Ti ratio 
of 52/48 at room temperature. PZT ceramics with the MPB composition show 
excellent piezoelectric properties (Table 1.2). Below the Zr/Ti ratio of 95/5 the solid 
Lead titanate ceramics are difficult to fabricate in the bulk form as the
Thin film lead titanate can be prepared with various physica
(b) Lead zirconate titanate (Pb(ZrxTi1-x)O3, PZT) 
4+ 4+
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solution is antiferroelectric with an orthorhombic phase [16]. PZT has been the most 
extensively studied ferroelectric material. It has been employed commercially in 
medical, ultrasonic, underwater and many other commercial applications. PZT thin 
films can be synthesized with various physical and chemical methods to meet the 
applications in micro systems and devices [17-20]. 
 (c) Lead Magnesium Niobate (Pb(Mg1/3Nb2/3)O3, PMN) 
 Relaxor ferroelectrics are a class of lead based perovskite type compounds with 
y cation (like Mg2+, Zn2+, 
Ni2
f a broad diffused phase transition on cooling 
bel
s with increasing frequency. The 
die
ifts the Tc of the 
composition towards a higher temperature. The MPB composition (0.65PMN and 
the general formula Pb(B1,B2)O3 where B1 is a lower valenc
+, Fe3+) and B  is a higher valency cation (like Nb2 5+, Ta5+, W5+). Pure lead 
magnesium niobate (Pb(Mg Nb )O or PMN) is a representative of this class of 
materials with a Curie point at -10 
1/3 2/3 3 
oC.  
Relaxor ferroelectrics like PMN can be distinguished from normal ferroelectrics 
such as PT and PZT, by the presence o
ow the Curie point. The diffused phase transitions in relaxor ferroelectrics are due 
to the compositional heterogeneity seen on a microscopic scale. For example, there is 
disorder in the B site for Pb(Mg1/3Nb2/3)O3. The composition of Mg and Nb is not 
stoichiometric in the microregions, leading to different ferroelectric transition 
temperatures which broaden the dielectric peak. 
The relaxors show a very strong frequency dependence of the dielectric constant. 
The Curie point shifts to higher temperature
lectric losses are highest just below the Curie point Tc [21-24]. 
The most widely studied relaxor material is the PMN-PT solid solution system. 
The addition of PT, which has a Curie point of 490 oC, sh
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0.3
), sol-gel, and metalorganic chemical-vapor deposition [29-32]. 
PM
Lead zinc niobate (PZN) is another typical relaxor ferroelectric material. PZN has 
a disordered perovskite structure and undergoes phase transition around 140 oC at 1 
tant is obtained near 140 oC. The 
tran
5PT) is piezoelectric in nature. Ceramics with this composition are excellent 
candidates for piezoelectric transducers. Compositions with a Curie point near room 
temperature (like 0.90PMN-0.10PT) have very large dielectric constants (K > 20,000) 
which make them very attractive for multilayer capacitor and strain actuator 
applications [25-28]. 
PMN-PT ceramics can be synthesized with a columbite method. PMN-PT thin 
films can be obtained with various physical and chemical methods such as pulsed-
laser deposition (PLD
N-PT thin films with a MPB composition at 32 mol% can be synthesized with a 
sol-gel method [33, 34].  The (001)-oriented PMN-PT films prepared by J. K. Park et 
al [34] exhibited a high dielectric constant (2500~2600) and the d33 coefficient were 
about 170–183 pC/N. 
(d) Lead zinc niobate (Pb(Zn1/3Nb2/3)O3, PZN) 
kHz. [35] The maximum in the dielectric cons
sition temperature (Tmax) and dielectric constant maximum (εmax) depend on the 
measurement frequency. A complete solid solution is formed between (1-x)PZN and 
xPT (PZN-PT). PZN has rhombohereal symmetry at room temperature whereas the 
normal ferroelectric PbTiO3 (PT) has tetragonal symmetry and a transition 
temperature (Tc) at 490 oC [36]. 
 A morphotropic phase boundary between the tetragonal and the rhombohedral 
phases exists in the range from 9 to 10 mol% of PT at room temperature [37]. In 
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Figure 1.3 Phase diagram of the PZN-PT system. The MPB is represented by the 
dashed line between the rhombohedral and tetragonal phases [38].  



























N) along <001> direction. [38-43] These properties are significantly superior to 









the whole composition range [45, 46]. Perovskite PZN-PT ceramics with MPB 
com
trast to the PZT system, the MPB for PZN-PT inclines as a function of 
temperature and composition, as shown in Figure 1.3.   
0.9PZN-0.1PT single crystal exhibits very high dielectric permittivity (εr > 3000), 
high coupling coefficient (k33 > 90%), and high piezoel
3 (PZT) [44].  
Single crystals of PZN-PT solid solution can be grown by using a flux method for
position cannot be synthesized using conventional solid-state reaction techniques 
due to the formation of pyrochlore phase. Even with the columbite method, the PT 
amount cannot be reduced to 10 mol% in synthesizing the PZN-PT ceramics [47]. 
Perovskite PZN-based ceramic bulk materials have been synthesized with mechanical 
activation method [46-48]. Various methods have been tried to synthesize the PZN-
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PT thin films. However, PT content cannot be less than 50 mol% in order to stabilize 
the perovskite phase. More details will be reviewed in Section 1.4.   
1.2 Applications of ferroelectric thin films 
ortant role with the technology 
adv
ng electrical signals to 
mec n
ittivity dielectrics in dynamic random 
acc  
 access memories (FeRAMs) 
and r





1.2.1 Micro-sensors and actuators  
erroelectric thin films have been increasingly 
exp
Ferroelectric thin films play an increasingly imp
ancement and are expected to be of use in many fields: 
• Ferroelectric films as transducers for converti
ha ical responses and vice versa by using their piezoelectric properties 
(piezoelectric micro-sensors and actuators).  
• Ferroelectric thin films as high perm
ess memories (DRAMs) and integrated capacitors.  
• Thin films in non-volatile ferroelectric random
 fe roelectric field-effect transistors (FeFETs), which make use of the non-linear 
hysteresis response of ferroelectrics. 
• Ferroelectric thin films with h
lic tions, including microwave phase shifters, tunable filters, and varactors.  
• Thin films that make use of the pyroelectric effect for infrared (IR) detect
• Ferroelectrics in integrated optical thin film modulators that explore the
tro-optic properties and high optical transparency of ferroelectric films.  
Piezoelectric properties of the f
lored for micro-sensors and micro-actuators. Piezoelectric micro-sensors are 
designed to be sensitive to the changes in charge (piezoelectricity), with amplitude 
usually proportional to the magnitude of the stimulus sensed. Examples include 
biochemical and medical sensors, pressure sensors, accelerometers, strain gauges and 
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flow sensors. Piezoelectric micro-actuators are based on mechanical deformation 
associated with the converse piezoelectric effect. Examples of micro-actuators include 
positioners, valves, pumps, deformable mirrors, switcher, shutters, and resonators [51]. 
Recently developed piezoelectric-based microdevices include biosensors for the 
detection of virus [52], and ultrasound transducers for in-uterus fetal imaging [53], 
surgery transducers [54] and non-invasive medical therapies [55]. 
Although each application of micro-devices requires a specific design to satisfy 
man
igure 1.4 shows a piezoelectric micro-cantilever beam for the detection of 
viru
y constrains and conditions, piezoelectric-based micro-devices are generally 
attractive due to their high sensitivity and low electrical noise in sensing applications 
and high-force output in actuation applications [56, 57].  





Figure 1.4 Cross section of a molecular recognition biosensor based on a 










ses [52]. This device is incorporated with a selective molecular recognition 
coating on the tip of the cantilever beam. Upon exposure to a conjugate biomolecule, 
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the effective mass at the end of the cantilever changes, and there is a corresponding 
downward shift in resonant frequency. This change in mass can therefore be sensed 
by electronically detecting the change in resonant frequency or the amplitude of 
vibration. A second detection mode relies on the detection of a conformational stress 
in a thin-film coating of the surface on the micro-cantilever. The temporary strain 
developed in the cantilever transfers a stress to the underlying piezoelectric thin film. 
A spontaneous charge is rapidly produced. Upon full biomolecular binding on the 
surface, the reaction stops, and the induced charge undergoes a natural decay set by 
the dielectric loss of the piezoelectric material [51, 52]. 
Although several applications of the molecular recognition micro-cantilever are 
bei
1.2.2 Dynamic random access memories 
AM) is the most widely used method of 
tem
tivity of the capacitor 
die
ng developed, it appears that this type of micro-biosensor is extremely sensitive to 
the detection of molecular binding in genetic testing and the detection of viruses.  
Dynamic random access memory (DR
porary data storage, providing the “memory” for all personal computers. In 
structure it comprises a transistor connected to an integrated capacitor. A binary state 
is stored by maintaining a potential on the capacitor but, because the capacitor will in 
time discharge, the capacitor voltage is refreshed several times per second. In 
conventional DRAM most of the space is occupied by the capacitor, therefore in order 
to reduce cell size the area of the capacitor must be decreased.  
One way to achieve this is to increase the relative permit
lectric medium. At present silicon dioxide is the preferred choice, with a relative 
permittivity of ~7. Ferroelectric thin films generally have relative permittivities in 
excess of 100, so that replacing the existing dielectric medium with a ferroelectric thin 
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film is an attractive option. To-date the most popular choice has been barium 
strontium titanate which has a relative permittivity of ~ 400 [58].  
1.2.3 Ferroelectric memories 
uch as dynamic random access memories (DRAMs) 
and
ously polarize on 
coo
hing in the microscopic regions of 
ferr
Semiconductor memories s
 static random access memories (SRAMs) currently dominate the market. 
However, the disadvantage of these memories is that they are volatile, i.e. the stored 
information is lost when the power fails. The non-volatile memories available at this 
time include complementary metal oxide semiconductors (CMOS) with battery 
backup and electrically erasable programmable read only memories (EEPROM’s). 
These non-volatile memories are very expensive. The main advantages offered by 
ferroelectric random access memories (FRAMs) include non-volatile and radiation 
hardened compatibility with COMS and GaAs circuitry, high speed (30 ns cycle time 
for read/erase/rewrite) and high density (4(µm)2 cell size) [59, 60]. 
As described in Section 1.1.2, ferroelectric materials spontane
ling below the Tc. The magnitude and direction of polarization can be reversed by 
the application of an external electric field. The FRAMs made from ferroelectric thin 
films make use of this phenomenon to store data.  
Data are stored by localized polarization switc
oelectric thin films. The FRAMs are non-volatile because the polarization remains 
in the same state after the voltage is removed (as ferroelectrics have a remnant 
polarization). The radiation hardness of FRAMs allows for the use of devices 
containing these memories in harsh environments such as outer space [61, 62]. As the 
FRAM operates on the basis of polarization switching, the ferroelectric material 
should have a large remnant polarization and a small coercive field. At present there 
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are two main candidates of the ferroelectric material for FRAM applications: PZT and 
strontium bismuth tantalite (SBT). FRAMs are expected to compete strongly with 
EEPROM and magnetic storage media on account of their very fast switching speeds 
(less than 6.5 ns) and low power requirement.  
1.2.4 Radio frequency and microwave components 
ms is that the high dielectric 
con
ill in the 
ear
e film are then controlled 
by 
Another useful property of ferroelectric thin fil
stant is strongly dependent on bias voltage. The ability to adjust the permittivity 
enables numerous applications for tunable devices. Interest in perovskite thin films for 
radio frequency (RF) and microwave tuning applications arises from the desire to 
develop tuning devices that have low losses at RF and microwave frequencies, low 
intermodulation distortion, and are inexpensive to manufacture. Voltage-variable 
capacitors (varactors), phase-shifters, tunable filters, and voltage-controlled oscillators 
are all essential components in high frequency telecommunications systems. 
Ferroelectric varactor and related frequency agile device designs are st
ly stages of development, but one common approach is to deposit a ferroelectric 
thin film on a low loss substrate (e.g MgO, Al2O3 or LaAlO3) and pattern an 
interdigitated electrode structure on the surface of the film. 
The relative permittivity and thus the capacitance of th
varying the voltage between the electrodes. Barium strontium titanate (BST) thin 
films have been extensively studied in this field [63-65]. PZT, PLZT [66] and PMN-
PT [67] have also been explored for the applications of high frequency varactors. At 
present the associated insertion losses are too high. If this obstacle could be overcome, 
the advantages of frequency agile devices will become available such as faster 
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operation speed, lower power, high yield, low cost, improved space efficiency and 
large operational bandwidth: 1 mHz to > 20 GHz.  
1.2.5 Pyroelectric detectors 
Pyroelectricity is the polarization produced due to a small change in temperature. 
The pyroelectric effect of the ferroelectric materials has been employed for detectors 
that show an output signal with a change in the infrared radiation. Such pyroelectric 
detectors are used in movement detectors, passive infrared alarms, and automatic light 
switches. Detectors based on the same principle are used for gas monitoring based on 
the spectral absorption method [68]. PT, PLZT and PZT have been widely studied for 
thin film pyroelectric sensing applications [69-71]. 
1.2.6 Electro-optic applications 
Ferroelectric materials are interesting from many points of view in the field of 
optics. This interest is based on the multitude of phenomena that ferroelectric crystals 
exhibit, such as optical birefringence, electro-optic effect, non-linear optic effect, 
photo-elastic effect, and photo-refractive effect.  
The requirements for using ferroelectric thin films for electro-optic applications 
include an optically transparent film with a high degree of crystallinity. The electro-
optic thin film devices are of two types: one in which the propagation of light is along 
the plane of the film (optical waveguides) and the other in which the light passes 
through the film (optical memory and displays). PZT and PLZT thin films are good 
candidates for optical waveguide, optical memory and displays because of their large 
electro-optic coefficients and strong photosensitivities [72-75].  
 15
Chapter 1: Introduction 
 
1.3 Processing of ferroelectric thin films 
1.3.1. Deposition technologies for ferroelectric thin films 
The research on ferroelectric ceramic thin films began in the early 1980s and has 
led to significant progress in understanding how to process thin ceramic films and 
control their electrical properties. In processing piezoelectric thin films, several routes 
are available, including physical vapor deposition, chemical vapor deposition, and 
solution deposition. Physical vapor deposition methods include radio frequency 
magnetron sputtering and pulsed-laser deposition (PLD). Chemical vapor deposition 
involves metal-organic chemical vapor deposition (MOCVD) and plasma-enhanced 
MOCVD. Under the umbrella of chemical solution is sol-gel method. Each method 
has its advantages and disadvantages. Physical vapor deposition routes (e.g. sputtering) 
[76] and chemical vapor deposition routes (e.g. MOCVD) [77] offer good step 
coverage. However, depositing the correct stoichiometry from these routes is often 
challenging. By contrast, solution deposition as described below offers excellent 
control of the chemistry and composition of the thin film [78]. A further advantage of 
solution deposition routes is their simplicity without vacuum or reactor chambers. The 
similarities between solution deposition and processing of photoresist layers also 
make implementation in a microfabrication facility possible.  
1.3.2 Chemical solution deposition (CSD) method 
Solution deposition methods have three basic steps: synthesis of a precursor 
solution, depositing the solution onto a substrate by a spin-coating or dip-coating 
method, and heat-treatment to remove organics and crystallize the film. For 
piezoelectric thin films prepared by this processing route, the greatest diversity comes 
in the choice for the metalorganic solution. Under the umbrella of solution deposition 
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[79] are the sol-gel routes in which a solution that is capable of forming a gel (usually 
by reaction) is used, metalorganic decomposition (MOD) routes in which nonreactive 
precursors are co-deposited, and hybrid routes that involve some reactions between 
precursors. 
The development of crystal structure, microstructure, and properties are strongly 
dependent on processing conditions such as the solution chemistry, the thermal 
treatment and the annealing atmosphere, as well as the electrode onto which the film 
is deposited. The first challenge in structural development is to form the desired 
perovskite crystal structure and eliminate the metastable pyrochlore (or fluorite) phase 
[80]. 
On heating, pyrochlore phase usually forms at a lower temperature than does 
perovskite phase [81-83] and is a common alternative form for many perovskite 
ferroelectrics, particularly relaxor ferroelectrics. Because this pyrochlore phase is 
nonferroelectric and has a low dielectric constant, both the ferroelectric and dielectric 
constants are degraded by its presence [84]. For PZT, pyrochlore phase will transform 
into perovskite phase when the film is heated to a higher temperature [81-84]. For 
relaxor materials, the pyrochlore phase forms at a lower temperature but more 
difficult to transform into perovskite phase.  
Thermal treatment conditions also impact the crystalline development. Thermal 
treatments after drying usually consist of at least two steps: one to remove residual 
bound organics and sometimes residual solvent, and another to develop the perovskite 
microstructure. The two-step procedure can be performed on a single layer after 
deposition or after several layers have been deposited. The first step may not only 
remove organics but also lead to some pyrochlore phase formation. For PZT, this 
initial pyrochlore phase does not prevent a complete transformation to perovskite 
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phase, but in other materials such as PMN, the transformation from the pyrochlore 
phase to the perovskite phase is more difficult [85]. One persistent challenge is to 
lower the temperature for perovskite formation; depositing the film onto a thin PT 
seeding layer is one of the approaches to improve the nucleation of the perovskite 
phase and reduce the processing temperature by 100 oC [86, 87]. 
The solution chemistry affects the degree of association between the chemical 
species in the complicated multicomponent system and therefore has a dramatic effect 
on phase development. Many examples relating a change in solution chemistry to a 
change in microstructure or properties have been reported. Schwartz et al [88] 
propose that some of the changes in film microstructure can be linked to changes in 
film pyrolysis, which are influenced by solution preparation conditions. For example, 
addition of polymeric species in the precursor helps to solve the cracking problem 
when the coating thickness exceeds a critical value [89, 90]. Jia et al found that the 
polymer addition improves the epitaxial quality of the resulting oxide films [91]. For 
more details, the following section reviews the applications of polymers in the 
preparation of perovskite materials.  
1.3.3 Polymer-modified CSD  
In 1967, Pechini patented a process that was used to fabricate electronic ceramics 
such as titanates and niobates for capacitors [92]. The process describes the use of α-
hydroxycarboxylic acids (e.g., citric and lactic acids) in combination with 
polyhydroxyl alcohols such as ethylene glycol (HOCH2CH2OH) to form a resin 
through condensation reactions. The acid acts as a chelating agent that chemically 
binds the cations that are dissolved in the solution. The polymerization is based on 
polyesterification between the metal-chelate complexes and polyhydroxyl alcohols. 
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Because of the chelating action of the hydroxy carboxylic acids and the polymeric 
network, the cations have low mobility, so that precipitation is hindered. The result is 
ceramic powders with better chemical homogeneity and smaller particle size.  
Recently, other polymers, such as polyethylene glycol (PEG, HO-(CH2-CH2-O)n-
H), [93] and polyvinyl alcohol (PVA, -(CH2-CH(OH))n-), [94] have been used to 
prepare metal oxides, such as yttrium aluminum garnet (Y3Al5O12), lanthanum 
phosphate (LaPO4) etc. The polymer species contain either hydroxyl functional 
groups, or ether oxygens, which form complexes with cations in the precursor. As a 
result, the cations are covered so that precipitation was prevented [95, 96]. Compared 
with PVP and PVA ((C2H4O)n), PEG has a simpler molecular structure in which all 
the carbons and oxygens arrange in one line. Therefore, PEG is preferably selected to 
modify the solution precursors either for powers or thin films.  
As for the preparation of perovskite materials, H-B Park et al [97] prepared 
perovskite La1-xSrxMnO3 (LSMO) powders from a PEG-metal nitrate gel precursor. 
They found that the formation of the crystal structure was relating to the amount of 
PEG added in the precursor. The authors mentioned the combustion of a precursor 
with a small PEG content instantaneously releases large amounts of heat and produces 
partially sintered powders with a small surface and large crystallite size.  
N. Uekawa et al [98] synthesized Pb(Ni1/3Nb2/3)O3-BaTiO3 (PNN-BT) oxides by 
sintering PbO, BaTiO3 and the oxides formed from the PEG-(Ni2+, Nb5+) complex. 
They claimed that the formation behavior of perovskite phase depended on the 
amount of columbite NiNb2O6 in the oxide obtained by oxidation of PEG-(Ni2+, Nb5+) 
complex. They also found that the molecular weight of PEG has some effect on the 
crystallization. 
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N. Uekawa et al [99] reported that La-doped PMN can be obtained by oxidizing 
the complex between PEG and cations at a lower firing temperature than that in the 
solid-state process. The super-lattice structure of La-doped PMN can be regulated by 
changing the molecular weight of PEG used for the preparation. Furthermore, they 
found that the cation arrangement in the PEG-cation complex also depended on the 
molecular weight of PEG [100]. 
D. M. Wan and J. Wang et al [101] fabricated 0.9PMN-0.1PT ceramics using a 
sol-gel processing route with the presence of PEG in the sol. They found that the 
gelation of the colloidal solution was facilitated with a small amount of PEG300. The 
pyrochlore phase formed at lower temperature and transformed into perovskite phase 
at a higher temperature. 
W-S Lee et al [102] synthesized PZN powders from a solution containing PEG. 
The perovskite phase is dominant in the derived PZN powders with a minor amount 
of pyrochlore phase. The authors mentioned that with the presence of PEG, the 
interaction between metal and anions may be increased which leads to 
homogeneously dispersed mixture of the precursor.  
For thin film processing with PEG, H. J. Hwang et al [103] synthesized LaCoO3 
thin films on yttrium-stabilized zirconia (YSZ) substrates with PEG in the precursor. 
A single phase perovskite film was obtained at relatively low temperature of 600 oC. 
The authors assumed that there was a reaction between the precursors and PEG which 
assists the formation of the perovskite phase.  
With PEG added in the precursor, S. C. Pillai et al [104] prepared oriented 
Pb0.5Ba0.5TiO3 (PBT) thin films on MgO single crystal substrate. A single perovskite 
phase formed at 600 oC.  
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In summary, many efforts have been made to synthesize the perovskite materials 
with PEG added in the precursor. PEG shows some effects on the formation of the 
perovskite phase. However, to the best of our knowledge, there has been no 
systematic study on the effects of the polymer species including PEG on the crystal 
structure and properties of the perovskite thin films.  The mechanism of how PEG 
interacts with the precursor is not clarified. 
1.4 PZN-based thin films 
As discussed in section 1.1.2, PZN-based single crystal, especially the (1-x)PZN-
xPT with MPB composition (x~0.1) exhibits extraordinary dielectric and piezoelectric 
properties. The perovskite PZN-based thin films have the potential to replace PZT in 
the applications in microelectronic devices such as capacitors, ferroelectric random 
access memories, and electromechanical transducers. However, the preparation of the 
useful perovskite PZN-based thin films is challenging due to the difficulties in 
removing the detrimental pyrochlore phases such as Pb2Nb2O7  and Pb3Nb4O13 at the 
processing temperature range (600-1350 °C). The presence of these paraelectric 
pyrochlore phases is detrimental to the dielectric, ferroelectric and piezoelectric 
properties of the resulting films. 
According to Wakiya et al [105], the very low stability of the perovskite PZN 
structure is due to the steric hindrance of the lone pairs of the Pb2+ ions in the 
perovskite lattice. The large Zn2+ ions also interact with the adjacent lead lone pairs 
and consequently increase the structural instability. Therefore, for the PZN bulk 
ceramics, the perovskite structure can be stabilized by adding certain molar percents 
of other perovskite-type compounds such as 20-30 mol% PbTiO3 (PT), 7 mol% 
BaTiO3 (BT), 10 mol% SrTiO3 (ST) and 10 mol% Ba(Zn1/3Nb2/3)O3 (BZN), etc [106].  
 21
Chapter 1: Introduction 
 
The large Zn2+ ions are partially substituted with the smaller ions (Ti4+ or Zr2+), and 
the Pb2+ ions partially substituted with spherical Ba2+ ions, thus reducing the steric 
hindrance of the lone pairs.  
Due to the difficulties to form perovskite structure, there have been only a few 
reports on PZN-based thin films in the literature. Teowee et al [107] needed more 
than 70 mol% PT to stabilize the perovskite phase in the PZN thin films deposited 
using the sol-gel method. Using charged liquid cluster beam method, Y. Yang [108] 
also could not reduce the PT amount to 60 mol%. Y. Kamisuki et al [109] used 54 
mol% of PT in the MOCVD method, however, an amount of pyrochlore phase still 
existed. With 7 mol% BT, Hu [110] successfully stabilized the perovskite phase in the 
PZN films using a sol-gel method. However, Hu had to increase the film thickness to 
above 8.5 um. The results on PZN films prepared in the literature are summarized in 
Table 1.3. 












0.5PZN-0.5PT ------ ------ ------ 1000 6.3 2.2 111 
0.1PZN-0.9PZ ------ ------ ------ 610 4.3 32 110 
0.3PZN-0.7PT Sol-gel 750 3-4 600 6 45 107 
0.46PZN-0.54PT MOCVD  1 1000 ------ ------ 109 
0.93PZN-0.07BT Sol-gel 900 8.5 1000 ------ ------ 110 
0.55PZN-0.4PT-
0.05BT 
Sol-gel  700-750 3.0 ------ ------ ------ 108 
 
So far no satisfactory results have been achieved for the PZN-based thin films in 
the literature. The dielectric and ferroelectric properties are not superior compared to 
the PZT films, and no piezoelectric properties have been reported.  
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1.5 Objectives and research scopes  
The first objective of this study is to synthesize perovskite ferroelectric thin films 
which are promising for microelectronic device applications. Efforts will be made to 
form pure peorvskite phase, especially in those that potentially exhibit superior 
electrical properties but difficult to remove the pyrochlore phase, such as PZN-based 
thin films. 
A polyethylene glycol (PEG)-modified chemical solution deposition (CSD) will be 
employed to prepare the ferroelectric thin films. Chemistry of the solution has 
dramatic effects on the phase development. However, the interaction mechanism 
between the added polymer and the solution has not been well explored. Therefore, 
the second objective of this study is to clarify the effects of the polymer species on the 
crystallization, microstructure and electrical properties of the resulting perovskite thin 
films.  
PZT, PZN-PT and PZN-PMN-PT thin films will be synthesized with PEG-
modified sol-gel method.  
Since perovskite phase is stable in PZT, PZT thin films are prepared to study the 
effects of PEG molecular weight on the microstructure, mechanical and electrical 
properties of the films.  
Based on the findings obtained from the study on PZT thin films, PEG will be 
used to modify the solution precursor of the PZN-PT thin films in order to stabilize 
the perovskite phase. It is desired to obtain the PZN-based thin films with 
compositions near the morphotropic phase boundaries, such as 0.9PZN-0.1PT and 
0.77(0.6PZN-0.4PMN)-0.23PT (0.77PZMN-0.23PT). 
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The effects of PEG on the crystallization and properties of the films will be 
explored through a systematic investigation. The transition mechanism from 
pyrochlore to perovskite structure in the PZN-based films during heat-treatment will 
also be investigated. And finally, the electrical properties of the thin films will be 
characterized and discussed.  
1.6 Organization of the thesis 
This thesis contains 8 chapters, including this introduction as Chapter 1.  
Chapter 2 introduces the facilities, principles and methods involved in preparation 
and characterization of the ferroelectric thin films. 
Chapter 3 presents the effects of PEG on the microstructure, mechanical and 
electrical properties of PZT thin films. PEGs with different molecular weights ranging 
from 200 to 1450 are used to modify the precursor solution. Effects of PEG on the 
crystallization, Young’s modulus, dielectric and ferroelectric properties of the 
resulting PZT films are discussed. 
 Chapter 4 presents the crystallization process of PZN-PT thin films prepared from 
PEG-modified solution precursor. Effects of PEG molecular weight and addition 
amount on the perovskite phase formation are investigated. Mechanism of how PEG 
interacts with the precursor is discussed. The dielectric, ferroelectric and piezoelectric 
properties of the 0.7PZN-0.3PT thin film are characterized. 
Chapter 5 presents the preparation and characterization of PZN-PMN-PT thin 
films with a MPB composition at 0.77PZMN-0.23PT. Crystallization of the 
perovskite phase in the film aided by PEG is examined. Mechanism of how PEG 
interacts with the precursor is further investigated. The dielectric, ferroelectric and 
piezoelectric properties of the film are analyzed. 
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Chapter 6 describes the structural relationship between pyrochlore and perovskite 
phases. Stability of the perovskite phase is discussed from both thermodynamic and 
kinetic views. The mechanism of the stabilization of the perovskite phase aided by 
PEG addition in the precursor solution is discussed.  
Chapter 7 presents the conclusions. 
Chapter 8 gives the future plans.  
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Chapter 2 Experimental Procedures and Characterization 
Techniques 
2.1. Preparation of thin films 
2.1.1 Selection of substrates  
Substrate plays an important role for the crystallization of the ferroelectric thin 
films. It also significantly affects the electrical properties of the films. Therefore, 
selecting a proper substrate (including electrode) is crucial for the development of the 
ferroelectric thin films. The substrates used in this study are discussed below.  
 
(a) Si/SiO2/Ti/Pt substrate 
Si is the most popular substrate for most microelectronics applications. Pt 
fabricated on Si has been commonly used as an electrode material for ferroelectric 
thin film devices due to its low resistivity [1-4]. However, Pt reacts with Si at 
temperatures as low as 400 oC to form platinum silicide which causes a loss in the 
integrity of the Pt layer when Si reaches the surface of the Pt [5, 6]. A breach in the Pt 
reaction barrier layer allows the diffusion of Si into the ferroelectric film and also 
allows the diffusion of Pb into the underlying Si substrates. Because of the difficulties 
encountered with bare-Si and Pt-coated Si substrates, the multilayer Si/SiO2/Ti/Pt is 
utilized [7]. This multilayer substrate provides an excellent electrode and reaction 
barrier layer for Pb-based perovskite material. In this study, a commercial 
Si/SiO2/Ti/Pt substrate was employed to deposit PZT thin films.  
 
(b) LaAlO3 (LAO) single crystal substrate 
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LAO has a pseudocubic perovskite structure with a lattice parameter of 3.82Å 
which is quite close to that of the ferroelectric materials. LAO is efficient in guiding 
the orientation of the perovskite phase in the ferroelectric thin films [8]. In this study, 
the (001) oriented LAO substrates (KMT Corporation, Hefei, China) were used to 
deposit the PZN-PT and PZN-PMN-PT thin films in order to study the crystal 
development in these films.   
 
(c) LaNiO3 and La0.7Sr0.3MnO3  conductive layers 
Although Pt electrode has been widely used, oxidation and interdiffusion occur 
when annealed in oxygen ambient, resulting in a decreased dielectric constant and 
increased coercive field for ferroelectric films grown on it [9-11]. Efforts have been 
made to explore new conductive oxide materials as electrodes to overcome the above 
drawbacks of Pt.  
LaNiO3 (LNO) and La0.7Sr0.3MnO3 (LSMO) are conductive perovskite-type 
materials. Their lattice parameters are 3.84 Å and 3.89 Å [12-14], respectively, which 
are close to most of the perovskite-type ferroelectrics. Therefore, it is highly expected 
that well-oriented ferroelectric films can grow on top of the (001)-oriented LNO or 
LSMO layer. Their resistivity is around 200 µΩ•cm, which is acceptable for use as 
electrode [15]. 
In this study, (001)-oriented LNO was prepared on the LAO substrate with sol-gel 
method to function as the bottom electrode of PZN-PT thin films. LSMO was 
deposited on LAO substrate with pulsed laser deposition (PLD) [16] as the bottom 
electrode of PZN-PMN-PT thin films.  
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2.1.2 Preparation of polymer-modified sol precursors 
Chemical solution deposition was employed to prepare PZT, PZN-PT, PZN-
PMN-PT and LNO thin films. The chemicals were obtained from Sigma-Aldrich or 
Alpha Analytical. The precursor solutions were prepared in a glove box purged with 
dry nitrogen gas.   
2.1.3 Spin-coating 
The solution precursor was spin-coated on the selected substrates using a spin-
coater (Specialty Coating System, Model P6700). The rotating process was 
programmed and the highest rotation speed was 5000 rpm. 
2.1.4 Thin film annealing 
The as spin-coated film was dried on a hot plate (Heidolph MR3001) at 105 oC, 
followed by a pyrolysis at 430 oC and a pre-annealing at 580 oC on another hot plate 
(Senesco, INC, HP66). The films were finally annealed at a high temperature (700 oC 
~ 800 oC) in a furnace (Entech SF-4/16).  
2.2 Structural characterization of thin films 
2.2.1 Crystal structure analysis using GADDS 
X-ray diffraction (XRD) is a technique used to measure the crystal structure of 
materials. When a monochromatic X-ray beam hits a sample, in addition to absorption 
and other phenomena, we observe X-ray scattering with the same wavelength as the 
incident beam, called coherent X-ray scattering. The coherent scattering of X-ray 
from a sample is not evenly distributed in space but is a function of the atoms 
distribution in the sample. The atomic arrangement in materials can be ordered like a 
single crystal or disordered like glass or liquid. As such, the intensity and spatial 
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distributions of the scattered X-rays form a specific diffraction pattern, which is the 
“fingerprint” of the sample [17]. Bragg’s law is a simple way to describe the 
diffraction of X-rays by a crystal. In Figure 2.1, the incident X-rays hit the crystal 
planes in an angle θ, and the reflection angle is also θ. The diffraction pattern is 
satisfied [18]: 
nλ= 2d sinθ                                                         (2.1) 
where n is numerical number, λ is the wavelength, d is the distance between each 






Figure 2.1 The incident X-rays and reflected X-rays make an angle of θ 
symmetric to the normal of crystal plane.  
In this work, a Bruker AXS GADDS (general area detection diffraction system) is 
used for crystal structure analysis. GADDS has both the capability of acquiring 
diffraction patterns in two-dimensional (2D) space simultaneously, and analyzing the 
2D diffraction data accordingly. The GADDS consists of one 2D detector, x-ray 
source and optics, sample positioning stage, sample alignment and monitoring device 
as well as corresponding computer control and data analysis software. The instrument 
 36
Chapter 2: Experimental Procedures and Characterization Techniques 
 
is equipped to handle very large samples, which are mounted on an XYZ stage with 
the ability to move up to 100 mm in all directions. 
The core of GADDS is the high performance two-dimensional (2D) detector: 
Bruker AXS HI-STAR area detector. HI-STAR is a very sensitive area detector, a true 
photon counter in a large area. The speed of data collection with an area detector 
could be 104 times faster than with a point detector and about 100 times faster than 
with a linear position-sensitive detector. Most importantly, it could provide large 
dynamic range and 2D diffraction information. Compared to one-dimensional 
diffraction profiles measured with a conventional diffraction system, a 2D image 















X-ray X-ray Optics 
 
 
Figure 2.2 Five major units in a GADDS XRD system: x-ray generator (sealed tube); 
X-ray optics (monochromator and collimator); goniometer and sample stage; sample 
alignment and monitor (laser-video); and area detector. 
A GADDS system generally consists of five major units (Figure 2.2):  
• An X-ray generator to produce X-rays (λ=1.541838 Å); 
• X-ray optics to condition the primary X-ray beam; 
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• A goniometer and sample stage to establish and maneuver the geometric 
relationship among primary beam, sample, and detector; 
• A sample alignment system and monitor to assist users in positioning the 
sample into the instrument center and in monitoring the sample state and position. 
• A detector (HI-STAR Area Detector System) to intercept and record the 
scattering X-rays from a sample and to save and display the diffraction pattern into a 
two-dimensional image frame. 
2.2.2 Morphology examination using FESEM 
SEM is an essential analyzing technique for exploring microstructures of materials 
[19-22]. The working principle of SEM is illustrated schematically in Figure 2.3. A 
fine “probe” beam of electrons from an electron gun is focused on the specimen 
surface. The electron beam is controlled by a scan generator that allows it to scan in a 
raster-like pattern over the specimen surface. When electrons collide the specimen 
surface, various signals are created. These signals are then collected by the detectors, 
amplified and converted into electrical signals. They are finally sent to a cathode ray 
tube (CRT), which is used to control the intensity of the scanning spots to generate the 
on-screen image. Since the positions of the spots on the CRT scan in the same way as 
the scan generator that controls the incident electron beam, CRT can therefore 
produce magnified images according to the brightness and contrast based on the 
signals picked up from the specimen surface. 
There are several emissions that can be created during the interaction between 
electrons and specimen surface, including secondary electrons (SE), backscattering 
electrons, X-rays and Photons. These emissions can be collected and utilized to 
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analyze the surface morphology and composition of the specimen, as described below 
[19-22]. 
 
(a) Secondary electron (SE) 
 It is the most commonly used emission in SEM, which is produced when the 
energy of the incident electron beam is absorbed by the atoms of the specimen, 
leading to ionization and generation of low-energy secondary electrons. Secondary 
electrons are very sensitive to the surface morphology of the specimen, and are used 
to produce surface images.  
 
(b) Backscattering electron (BSE)  
It occurs when the incident electrons are scattered backwards. Production of the 
backscattered electrons is closely dependent on the atomic weights of elements 
presented in the specimen. Thus, BSE gives a contrast image of the elemental 
distribution on specimen surface, based on the difference in atomic weight of the 
elements. 
 
(c) Energy dispersive X-ray (EDX)  
When a low energy electron is emitted, a high energy electron will fall into the 
low energy level to fill the vacancy, in turn generating X-rays to balance the total 
energy. The emitted X-ray shows a characteristic energy or wavelength, which is 
unique to the element from which it originates. Thus the X-ray can be utilized to 
qualitatively analyze the elemental content of a selected area in specimen. In addition, 
EDX can also be used to generate EDX compositional mapping which provide spatial 
distribution of various elements in the specimen.  
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 In this study, the morphology of the samples was examined using Field Emission 
Scanning Electron Microscopy (JSM-6700F FESEM). The FESEM incorporates a 
cold cathode field emission gun, ultra high vacuum, and sophisticated digital 
technologies for high resolution imaging of micro structures. The field-emission 
cathode in the electron gun of a scanning electron microscope provides narrower 
probing beams at low as well as high electron energy, resulting in both improved 
spatial resolution and minimized sample charging and damage.  
2.2.3 Nano-indentation method to measure Young’s modulus  
The Young’s moduli (Y33) of the PZT films were acquired with a nano-
indentation system (UMIS 2000). 
An indenter tip with a known geometry is driven into a specific site of the material 













Figure 2.3 Schematic diagram of a scanning electron microscopy [21]. 
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value, the normal load is reduced until partial or complete relaxation. This procedure 
is performed repetitively; at each stage of the experiment the position of the indenter 
relative to the sample surface is precisely monitored with a differential capacitive 
sensor. For each loading/unloading cycle, the applied load value is plotted with 
respect to the corresponding position of the indenter. The resulting load/displacement 
curves provide data specific to the mechanical nature of the material under 
examination. Established models are used to calculate quantitative hardness and 
modulus values from such data as described below [23-25].  
The hardness H is determined from the actual contact area A┴ and the maximum 
applied load, P. 
                                                      (2.2) 
The Young’s modulus of elasticity E is calculated from a reduced modulus Er, 
which is determined from the elastic contact stiffness S by:                                                                      
                                                 (2.3) 
The Young’s modulus E of the specimen is determined by: 
                                (2.4) 
where ν denotes Poisson’s ratio. 
2.2.4 X-ray photoelectron spectroscopy for chemical state analysis  
X-ray photoelectron spectroscopy (XPS) is a surface analytical technique, which 
is based upon the photoelectric effect. Each atom in the surface has core electron with 
the characteristic binding energy that is conceptually, not strictly, equal to the 
 41
Chapter 2: Experimental Procedures and Characterization Techniques 
 
ionization energy of that electron. When an X-ray beam directs to the sample surface, 
the energy of the X-ray photon is absorbed by the core electron of an atom. If the 
photon energy, h, is large enough, the core electron will then escape from the atom 
and emit out of the surface. The emitted electron with the kinetic energy of Ek is 
referred to as the photoelectron. The binding energy of the core electron is given by 
the Einstein relationship:  
Eb=hv-Ek-ϕ                                                            (2.5) 
where h is the X-ray photon energy (for monochromatic Al Ka, h = 1486.6eV); Ek is 
the kinetic energy of photoelectron, which can be measured by the energy analyzer; 
and ϕ is the work function induced by the analyzer, about 4~5eV. Since the work 
function ϕ can be compensated artificially, it is eliminated, giving the binding energy 
as follows:  
Eb=hv-Ek                                                                     (2.6) 
For insulating samples, once the photoelectrons are emitted out of the sample 
surface, a positive charge zone will establish quickly in the sample surface. As a result, 
the sample surface acquires a positive potential (varying typically from several volts 
to tens of volts) and the kinetic energies of core electrons are reduced by the same 
amount, C.  
Eb=hv-(Ek-C)                                                     (2.7) 
It can be seen that the surface charging results in the shift of the XPS peaks to 
higher binding energy. In this case, the binding energy has to be calibrated with an 
internal reference peak. The C 1s peak from the adventitious carbon-based 
contaminant, with the binding energy of 285 eV, is commonly used as the reference 
for calibration. In order to neutralize the surface charge during data acquisition, a low-
energy electron flood gun is used to deliver the electrons to the sample surface. The 
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electron flood gun can be tuned to provide the right current to push the XPS peaks 
back to the real position.  
The core electron of an element has a unique binding energy, which seems like a 
"fingerprint". Thus almost all elements except for hydrogen and helium can be 
identified via measuring the binding energy of its core electron. Furthermore, the 
binding energy of core electron is very sensitive to the chemical environment of 
element. The same atom is bonded to the different chemical species, leading to the 
change in the binding energy of its core electron. The variation of binding energy 
results in the shift of the corresponding XPS peak, ranging from 0.1 eV to 10 eV. This 
effect is termed as "chemical shift", which can be applied to studying the chemical 
status of element in the surface. Therefore, XPS is also known as electron 
spectroscopy for chemical analysis (ESCA) [26]. 
In this study, XPS (ESCA, 220i XL VG scientific) was used to analyze the 
chemical states of elements in the PZN-PT and PZN-PMN-PT thin films. The spectra 
data were obtained using monochromatic Al K source (1486.6 eV).  
2.2.5 Raman spectroscopy  
Raman scattering is a powerful light scattering technique used to diagnose the 
internal structure of molecules and crystals. When a solid specimen is illuminated by 
an incident light beam, most of the photons are elastically scattered, where the 
scattered light frequency is the same as that of the incident light. Raman scattering 
pertains to inelastic scattering, the frequency of which is given by,  
iR hvhvhv ±= 0                                                           (2.8) 
where is the frequency of scattered light, the frequency of incident light, and 
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There are two types of scattering lines created during Raman scattering, i.e. 
Stockes line and anti-Stockes line. For Stockes line, the frequency of scattered light is 
less than that of the incident light ( iR vvv −= 0 ), while the frequency of anti-Stockes 
line is higher than that of the incident photon ( iR vvv += 0 ). As the anti-Stockes line 
is much less intense than the Stokes line, Raman spectra normally refers to the 
Stockes line only. The difference in frequency between the scattered light and the 
incident light, also known as the Raman shift, is directly related to the intrinsic 
vibration energy levels of molecules in a material under investigation ( ). Raman 
spectroscopy studies can therefore extract useful information on the molecular 
geometries, chemical bonds and interactions of molecules in the material [27]. 
ihv
In this study, Raman spectroscopic studies were performed using a Renishaw 
2000 micro-Raman system, equipped with a liquid-nitrogen-cooled CCD detector. 
The excitation source used was a Helium-Neon laser operated at 632.8 nm. Crystal 
structure of the PZN-PT thin films was examined with Raman spectroscopy, in 
addition to the XRD analysis.  
2.2.6 Fourier transform infrared absorption 
 
The term "infra red" (IR) covers the range of the electromagnetic spectrum 
between 0.78 and 1000 µm. In the context of infra red spectroscopy, wavelength is 
measured in "wavenumbers", which have the unit cm-1.  
wavenumber = 1 / wavelength in centimeters 
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Region Wavelength range (µm) Wavenumber range (cm-1) 
Near 0.78 - 2.5 12800 – 4000 
Middle 2.5 – 50 4000 – 200 
Far 50 -1000 200 – 10 
 
The most useful IR region lies between 4000 – 670 cm-1. 
IR radiation does not have enough energy to induce electronic transitions. 
Absorption of IR is restricted to compounds with small energy differences in the 
possible vibrational and rotational states.  
For a molecule to absorb IR, the vibrations or rotations within a molecule must 
cause a net change in the dipole moment of the molecule. The alternating electrical 
field of the radiation interacts with fluctuations in the dipole moment of the molecule. 
If the frequency of the radiation matches the vibrational frequency of the molecule 
then radiation will be absorbed, causing a change in the amplitude of molecular 
vibration. 
Fourier Transform Infrared Spectroscopy (FTIR) is a powerful tool for identifying 
types of chemical bonds in a molecule by producing an infrared absorption spectrum 
that is like a molecular "fingerprint". It can be applied to the analysis of solids, liquids, 
and gasses. The term Fourier Transform Infrared Spectroscopy refers to a further 
development in the manner in which the data is collected and converted from an 
interference pattern to a spectrum [27]. 
In this study, FTIR was carried out to investigate the structural changes in the 
PZN-PT and PZN-PMN-PT thin films after pyrolysis.  
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2.2.7 Thermal analysis using TGA/DTA 
Thermogravimetric Analysis (TGA) is a thermal analysis technique used to 
measure changes in the weight (mass) of a sample as a function of temperature and/or 
time. TGA is commonly used to determine polymer degradation temperatures, 
absorbed moisture content, and the amount of inorganic (noncombustible) in a 
compounds or composite material compositions.  
Many thermal changes in materials (e.g. phase transitions) do not involve a 
change of weight. Differential thermal analyzer (DTA) measures the temperature 
difference between an inert reference and the sample as a function of temperature. 
When the sample undergoes a physical or chemical change the temperature increase 
differs between the inert reference and the sample, and a peak (exothermic reaction) 
or a valley (endothermic reaction) is detected in the DTA signal. DTA is a 
"fingerprinting" technique that provides information on the chemical reactions, phase 
transformations, and structural changes that occur in a sample during a heat-up or a 
cool-down cycle.  
In this study TGA/DTA (Perkin Elmer) was carried out to investigate the 
pyrolysis and crystallization process of the PZN-PT and PZN-PMN-PT gel precursors. 
2.3 Measurement of electrical properties 
2.3.1 Dielectric properties 
Dielectric properties are important for electric property evaluation [28-31]. They 
characterize the ability of a material to store charge. A dielectric material exhibits 
localized charge that can be displaced by an external electric field, where charge 
displacement is referred to as electric polarization. Electrical permittivity is defined 
by how easily a material generates polarization when an electric field is applied. Since 
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dielectric properties are sensitive to the measurement frequency and temperature, they 
are widely used to study the polarization mechanisms and phase transition behaviors 
of ferroelectric materials.  





ir ωωεωεωε =−=                                                (2.9) 
''')( εεδ =tg                                                                       (3.0) 
where *rε  is the complex relative permittivity (also refers to as dielectric constant), 
'ε and ''ε are the real and imaginary part of relative permittivity, respectively, the 
vacuum capacitance, 
0C
*Z  the complex impedance, ω the angular frequency, and 
)(δtg the dissipation factor (or loss factor) that quantifies the ratio of energy 
dissipation to that stored inside the capacitor.  
In this work, dielectric constant (εr) and loss (tgδ) of the ferroelectric thin films 
were measured with an impedance analyzer (HP Model 4194). Capacitance values 
were obtained from the impedance analyzer between the top electrode and bottom 





0εε                                                                 (2.8) 
where C is the capacitance, t is the film thickness,  0ε  is the permittivity of free space, 
and A is the area of the top electrode.  
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2.3.2 Ferroelectric properties 
The ferroelectric properties of the ferroelectric thin films were characterized with 
a RADIANT RT66A testing unit connected with a high voltage interface. The RT66A 
Standard Ferroelectric Test System combines the features of a function generator, an 
electrometer and a digital oscilloscope in a single package. The tester is controlled 
from a computer. The user specifies the operations, which the tester is to perform 
from a program driven interface. The RT66A software then executes the appropriate 
hardware commands, collects and processes the data, and then displays the results on 
the user's screen. 
The RT66A has the following software: 
• CHARGE: Allows the user to perform hysteresis, pulse response, and bipolar 
resistivity measurements. From hysteresis data, the program can compute 
capacitance vs. voltage and normalized capacitance vs. voltage data.  
• FATIGUE: Allows the user to measure the effects of fatigue on a ferroelectric 
capacitor. After each fatigue period a pulse polarization measurement is 
performed on the test sample. The fatigue pulses may either be internally 
generated by the RT66A test unit or provided externally by the user.  
• MANUAL: Allows the user to perform the same measurement as the 
CHARGE program while allowing the user greater flexibility in defining the 
drive profile used in the tests.  
• RESIST: Allows the user to measure changes in the resistivity of a 
ferroelectric capacitor due to long term DC bias.  
• RETAIN: Allows the user to measure retention loss of a ferroelectric capacitor.  
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In this work ferroelectric hysteresis loops of the ferroelectric thin films were 
obtained with the RT66A.  
2.3.3 Piezoelectric properties 
A laser scanning vibrometer (LSV) system was employed to detect the vibration 
of the PZT thin film under the AC electrical field. Major parts of the system include a 
laser scanning head (OFV-056), a LSV scanning vibrometer controller (OFV-3001-
SF6), a communication junction box, which were all manufactured by Polytec GmbH, 
and a host computer. The scanning head consists of an interferometer, a scanner to 
deflect the laser beam and a camera to visualize the object under testing. The 
interferometer signal is decoded in the controller with a velocity decoder. An analog 
voltage signal is thus generated which is proportional to the vibration velocity. The 
measurement data are digitally recorded in the workstation. The software controls the 
data acquisition and offers user-friendly functions to analyze the measurement data. 
The junction box is the central connection point between the system components and 
provides the interfaces for peripheral devices. This system can measure the whole thin 
film sample surface vibration, and Yao et al for the first time proposed the use of LSV 
to characterize the piezoelectric constant [32]. In the detection process, a defined area 
for the scanning covered both the top electrode and surrounding thin films in order 
that the movement of the substrates could be monitored simultaneously. The bending 
effects could be detected and eliminated accordingly.  
 
2.4 References 
1. A. Ando, T. Katayama, M. Shimizu, T. Shiosaki, Jpn. J. Appl. Phys. 1992, 31, 3001.  
 49
Chapter 2: Experimental Procedures and Characterization Techniques 
 
2. R. Bruchhaus, D. Pitzer, O. Eibl, V. Scheithauer and W. Hoesler, Mater. Res. Soc. 
Symp. Proc. 1992, 243, 123.  
3. M. C. Jiang, and T. B. Wu, J. Mater. Res. 1994, 9, 1879.  
4. J. F. Scott and C. A. Pax De Araujo, Science, 1989, 246, 1400.  
5. R. Pretorius and A. P. Botha, Thin Solid Films, 1981, 79, 61. 
6. L.S. Hung and J. W. Mayer, J. Appl. Phys. 1986, 60 (3), 1002. 
7. I. Kondo, T. Yoneyama, O. Takenaka and A. Kinbara, J. Vac. Sci. Techno. A, 1992, 
10 (6), 3456. 
8. J. C. Jiang and X. Q. Pan, J. Appl. Phys. 2001, 89 [11], 6365.  
9. K. H. Park, C. Y. Kim, Y. W. Jeong, H. J. Kwon, K. Y. Kim, J. S. Lee and S. T. 
Kim, J. Mater. Res. 1995, 10, 1790. 
10. G. R. Fox, S. Tolier-Mckinstry, S. B. Krupanidhi, and L. M. Casas, J. Mater. Res. 
1995, 10 (6), 1508.  
11. K. Wang, K. Yao and S. J. Chua, “Ti diffusion and residual stress of Pt thin films 
on Pt/Ti/SiO2/Si substrate”, J. Appl. Phys. 2005, 98, 013538. 
12. S. S. Kim, B. I. Kim, Y. B. Park and J. H. Je, Appl. Phys. A, 1999, 69, s625.   
13. H. J. Shy and Y. B. Wu, Jpn. J. Appl. Phys. 1995, 34, 4870.  
14. S. Mercone, C. A. Perroni, and V. Cataudella, et al, Phys. Rev. B, 2005, 71, 
064415.  
15. K. P. Rajeev, G. V.Shivashankar and A. K. Raychaudhuri, Solid State Commun., 
1991, 79, 591.  
16. W. C. Goh, K. Yao and C. K Ong, J. Appl. Phys. 2005, 97, 073905. 
 50
Chapter 2: Experimental Procedures and Characterization Techniques 
 
17. S. Duckett, Foundations of spectroscopy, New York, Oxford University Press, 
2000.  
18. V. S. Ramachandran and J. J. Beaudoin, Handbook of analytical techniques in 
concrete science and technology, Norwich, N.Y. Noyes Publications, 1999. 
19. I. N. Watt, The Principles and Practice of Electron Microscopy, Cambridge 
University Press, Cambridge, UK, 1985. 
20. L. Reimer, Scanning Electron Microscopy, in Physics of Image Formatin and 
Microanalysis, Springer, Berlin Germany, 1985. 
21. L. E. Murr, Electron and Ion Microscopy and Microanalysis: Principles and 
Applications, Marcel Dekker Inc. New York, 1970. 
22. J. M. Cowley, Principle of Image Formation, in Introduction of Image Formation 
and Microanalysis, 3 rd Edition, Springer, Berlin, Germany, 1979.  
23. M. Goken, M. Kempf, M. Bordenet and H. Vehoff, Surf. Interface Anal. 1999, 27, 
302. 
24. M. Goken, M. Kempf, W.D. Nix, Acta Materialia, 2001, 49, 903.  
25. N. X. Randall, R. Christoph, C. Julia-Schmutz, S. Droz, Thin Solid Films, 1996, 
290-291, 348. 
26. C. D. Wagner, Handbook of X-ray Photoelectron Spectroscopy, Rden Prairie, 
Minn. Perkin-Elmer Corporation, 1979.  
27. D. Brune, R. Hellborg, H. J Whitlow and O. Hunderi, Surface Characterization, 
Scndinavian Science Publisher, 1998.  
28. H. Haruta, the impedance Measurement Handbook, A Guide to Measurement 
Technology and Techniques, Agilent Technologies Co. Ltd, California, 2000. 
 51
Chapter 2: Experimental Procedures and Characterization Techniques 
 
29. G. Amorese, LCR/Impedance Measurement Basics, Hewlett-Packard Company, 
California, USA, 1997. 
30. V. V. Daniel, Dielectric Relaxation, Academic Press Inc., New York, 1967. 
31. C. Roland, Physics of Dielectrics for the Engineer, Elsevier Scientific Publishing 
Company, Amsterdam, the Netherlands, 1979.  
32. K. Yao and F. E. H. Tay, IEEE Trans. Ultrasonics, Ferroelectrics, Frequency 
















Chapter 3: PZT Thin Films Prepared From PEG-modified Precursor Solution 
 
Chapter 3 PZT Thin films Prepared From PEG-modified 
Precursor Solution 
3.1 Introduction 
Among all the perovskite materials, PZT thin films have been most widely used in 
microactuators and microsensors [1-4]. PZT thin films have been successfully applied 
in many commercial products, including ink-jet printers [5-8]. The methods to prepare 
PZT thin films have been fully explored and easy to conduct [9-11]. In this work, PZT 
is selected to study the effects of PEG on the crystal structure, morphology and 
electrical properties of the perovskite materials.  
In the previous reports, polymeric species such as polyvinylpyrrolindone (PVP) 
and polyvinyl alcohol (PVA) were added to the sol precursor to fabricate a thick PZT 
film [12-14]. One problem in the fabrication of PZT films is that cracking occurs 
during the pyrolysis when the thickness reaches a critical value. Crack formation is 
attributed to the large shrinkage of gels due to the evaporation of solvent, 
decomposition of precursors and the mismatch of thermal expansion coefficients 
between the films and the substrates [15-17]. 
The organic polymers seemed to be efficient in improving the critical film 
thickness threshold for cracking. By adding PVP in the sol precursor, a capping 
structure was formed by the hydralization of PVP with the metalorganics, which 
suppressed the condensation reaction, and promoted the structural relaxation [18, 19]. 
Besides, Park et al [20] found that PVP can control the orientation of the sol-gel 
derived PZT film. However, there has been no systematic study on the comparison of 
the structure and morphology of the resulting films prepared from solutions with and 
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without polymer addition.  It is not clear how different molecular weights of the 
polymer determine the structure and the electrical properties of the resulting films.  
In this study, PEGs with varying molecular weights were added to the PZT sol 
precursors. Fine-grained films were fabricated by heat-treating the spin-coated gel 
films. The effects of PEG of different molecular weight on the crystallization 
behavior, microstructure evolution, Young’s modulus, and dielectric and ferroelectric 
properties were investigated. A comparison was also made on films prepared from 
sols with and without PEG modification. 
3.2 Experimental  
PZT precursors were prepared with a composition near the morphotropic phase 
boundary (Zr:Ti = 52:48) using a 2-MOE (2-methoxyethanol) method. Lead acetate 
trihydrate (Pb[CH3COO]2·3H2O), zirconium acetylacetonate (Zr[CH3COCHCOCH3]4) 
and titanium iso-propoxide (Ti[OCH(CH3)2]4 ) were used as starting chemicals. To 
compensate the Pb loss during thermal annealing at high temperature, 15% excess of 
Pb in mol was added in the solution. 2-MOE (CH3OCH2CH2OH) was used to dissolve 
these materials and the PZT precursor solution was obtained with a concentration of 
0.4 M. 
This solution was separated into several parts. Based on the metal oxide in the sol, 
30% by weight of polyethylene glycol with molecular weights of 200 (PEG200, 
similar for the rest), 400, 600 and 1450 was added, respectively. The mixtures were 
completely stirred to make the sol homogeneous. For comparison, the solution 
without organic polymer was also prepared. 
PZT precursor solution was spin-coated at room temperature on Si/SiO2/Ti/Pt 
substrates. The increasing rate is 1000 rpm/s before reaching the set speed of 5000 
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rpm. The solution was spin-coated at 5000 rpm for 30 seconds, followed by a 
pyrolysis at 430 °C. Films of 12 layers were obtained by repeating the process. Finally, 
rapid thermal annealing process at 700 °C for 10 minutes was carried out to obtain 
perovskite phase PZT thin films.  
The thickness of the films was measured by a profiler (TENSOR P-10) and 
confirmed by scanning electron microscopic examination of the cross-sections. Phase 
analysis of the films was performed at room temperature using the GADDS. The 
microstructures were examined using the FESEM (JSM-6700F). The Young’s moduli 
(Y33) of the films were acquired with a nano-indentation system (UMIS 2000) by 
applying the load on the surface of the films.  The measurement was based on the 
indentation load-penetration curves produced by the depth-sensing indentation system 
with a paraboloid of revolution tip.  The penetration depth ranges from 0.1 to 0.2 µm 
with a force of 3 mN loaded on the sample surface for 15 minutes.  The testing was 
carried out on 5 points for each sample to get an average value. For the electrical 
characterization of the PZT films, gold top electrodes were deposited by sputtering. 
The dielectric constant (εr) and dielectric loss or dissipation factor (tgδ) were 
measured using an impedance analyzer (HP4194A). Polarization-electric field (P-E) 
characteristics were measured with a RT66A testing unit connected with a high 
voltage interface. To ensure the repeatability, at least three samples were measured 
from each film.  
3.3 Results and Discussion 
3.3.1 Effects of PEG molecular weight on the thickness  
Figure 3.1 shows the thickness of the films versus the molecular weight of 
polyethylene glycol used to modify the sol. The film thickness increased with the 
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molecular weight. The addition of the organic polymer in the sol with a higher 
molecular weight can increase the viscosity of the sol [21]. The viscosity of the 
solution increased with the PEG molecular weight, resulting in an increased thickness 
of the film.  The unmodified PZT sol produced a film of 1.2 µm in thickness, i.e. 0.1 
µm per layer. The sols modified with PEG of molecular weights ranging from 200 to 
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Figure 3.1 PEG molecular weight dependence of the film thickness. Films 
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XRD patterns of the PZT films annealed at 700 °C with and without organ
lymer modification are shown in Figure 3.2. All the films exhibited perovskp
s
PEG, the peaks in the derived films tended to be broaden, which wa
 higher angles. This suggests a smaller grain size in the films with additions of 
PEG with larger molecular weight [22]. 
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We found that the formation of the perovskite structure was promoted in the films 
that were prepared from the solution containing PEG. As shown in Figure 3.3, the 
p  
v  phase was observed at 
580
Figure 3.2 XRD patterns of the PZT films prepared from the sols with and without 
PEG modification: (a) no PEG, (b) PEG200, (c) PEG400, (d) PEG600, and (e) 
PEG1450. All the films were annealed at 700 °C for 10 min. 
erovskite structure in the PEG-modified films formed at 580 °C and the peaks were
ery sharp. For the film without modification, some pyrochlore
 °C, but undetectable after annealing at 700 °C (Figure 3.2).  This result agrees 
well with the previously reported results in preparing other perovskite-type oxide thin 
films, such as lanthanum manganese oxide (LaMnO3) [21]. It was reported that 
crystallization was accelerated in the perovskite-type oxide thin films or powders that 
were prepared from a solution containing polymeric species such as poly(vinyl 
alcohol) and PEG [21, 23, 24]. It is thought that the polymeric species can help the 
formation of a chelate between constituting cations in the polymer structure, as a 
consequence, the temperature at which the perovskite can be obtained is decreased. 
[24] However, the exact mechanism of how PEG promotes the perovskite phase has 
not been systematically studied and is not clear yet.  
 57











3.3.3 Morphology  
The f
own in Figure 3.4. However, all the films 
made from the PEG-modified sol were crack-free (Figure 3.5).  
 
ilm prepared from the sol without PEG cracked seriously after the ninth spin-
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Figure 3.4 Cracks in the PZT film made from the sol without PEG 
modification (A). (B) is an enlarged view of the selected area in (A). 
Figure 3.3 XRD patterns of the PZT films made from the sol with and without 
PEG modification: (a) no PEG, (b) PEG200, (c) PEG400, (d) PEG600, and (e) 
PEG1450. All the films were annealed at 580 °C for 10 min. 
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(D) 
Figure 3.5 Surface morphology of PZT films made from the sols modified with 
PEGs of different molecular weight: (A) PEG200, (B) PEG400, (C) PEG600, and 
(D) PEG1450. All the films were annealed at 700 °C for 10 min. Grain clusters, 








The surface of the film modified with PEG200 was very smooth and 
h  
W  
separated by gaps (indicated by black arrows) and voids (indicated by white arrows) 
caused by the decom
omogeneous, and apparently looked as densified as the film without modification.
ith further increasing polymer weight, grain clusters (indicated by “G”) were
position of PEG. The higher the molecular weight of the polymer, 
the more loosely the grain clusters were distributed.  
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Figure 3.5 also indicates that the size of grains (or grain clusters) of the films 
decreases with increasing molecular weight in the precursor, which is consistent with 
the XRD results. This is probably because that with the increase of PEG molecular 
weight, larger voids left after pyrolysis, the nuclei of perovskite phase were thus more 
ext
ntly, the stress caused by the shrinkage of 
the
ids left are large; thus the growth of the grains could not 
elim
ensively separated from each other. As a result, it is difficult for the smaller grains 
to join together to grow into larger ones.  
It was evident here that the polymer modification in the sol could suppress film 
cracking. PEG aided the formation of a chelate between constituting cations in the 
polymer structure [24], as a result, the condensation reaction of the film during the 
pyrolysis process was retarded. Conseque
 gel was relieved by structural relaxation, leading to the crack-free films [20]. 
However, a more porous structure formed in the PZT film due to the decomposition 
of PEG, which made the film less stiff, as evidenced by the Young’s moduli testing, 
which is discussed later.  
For PEG200, the voids left were small due to the small molecular weight. During 
the later annealing procedure, the voids may disappear with grain growth. This may 
be the reason that the film modified with PEG200 is dense. For high polymer 
molecular weights, the vo
inate the voids. As shown in Figure 3.5 (B)-(D), the voids in the films modified 
with PEG400, PEG600 and PEG1450 occupy a large portion, and the porosity is 
increased with increasing PEG molecular weight. These films are unhomogeneous 
and the grain clusters are separated by the gaps or voids. With the increase of PEG 
molecular weight, the size of the grain clusters become smaller but the clusters are 
separated with larger gap.  
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3.3.4 Mechanical and electrical properties 
    The values of Young’s modulus (Y33), dielectric constant (εr), dielectric loss 
(tgδ), remnant polarization (Pr), and coercive field (Ec) are listed in Table 3.1. 
’s modulus of the film without PEG 
mo u
e lower 
the Young’s modulus of the film. However, the modulus of the film modified with 
PEG200 was 104.8 GPa, which was very close to the film without modification. This 
is reasonable in consideration of their similar morphology (Figures 3.4 & 3.5(A)). The 
slightly decreased value may indicate a slightly loose structure due to the 
decomposition of PEG200, but the voids may be not obvious in Figure 3.5 (A).  For 
the films modified with higher molecular weights of PEG, the Young’s moduli were 
significantly reduced. The value of the film modified with PEG1450 was only 54.4 
GPa.  The decreased Young’s moduli were caused by the increased porosity, as 
shown in Figure 3.5(B)-(D).  
As shown from Table 3.1, the Young
dification was 111.6 GPa and all the Yo ng’s moduli of the films made from sols 
modified with PEG were lower than this. The higher the molecular weight, th
Table 3.1 The mechanical and electrical properties of the PZT films prepared from the 
sols with and without PEG modification (annealed at 700 °C for 10 min). 
 
Samples PZT PZT-PEG200* PZT-PEG400 PZT-PEG600 PZT-PEG1450 
Young’s modulus Y33 
(GPa) 
111.6 104.8 82.8 66.3 54.4 
Dielectric constant εr 1120 1780 965 778 360 
Coercive field E  (kV/cm) 20 30 50 90 150 
Dielectric loss tgδ 0.049 0.058 0.030 0.026 0.305 
Remnant polarization Pr 
(µC/cm2) 
38 37 34 32 46 
c
*PZT f ared from m E l
ble comp e film prepared from the sol without 
P  fil odified with PEG200 exhibited an even higher dielectric 
 a better 
crystallization facilitated by PEG in comparison with those without modification 
ilm prep  sol odified with P G of molecu ar weight 200. 
As shown in Ta 3.1, ared with th
EG modification, the m m
constant εr, which was as high as 1780. The results may come from
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(Fig
 PEG molecular weight 
dep
ures 3.2 & 3.3). For the films modified with PEG molecular weights higher than 
200, the porosity caused by the PEG was large and the films were far from fully 
densified. Since the dielectric constant of the voids is much lower than that of the PZT, 
the large volume of voids significantly reduced the dielectric constant of the film. 
With the increase of PEG molecular weight, the porosity in the film was increased 
(Figure 3.5), and thus the dielectric constant further decreased. The εr value of the  
film modified with PEG1450 was only 360 and its dielectric loss tgδ was up to 0.305, 
while all the tgδ values of other films were less than 0.06.  
PEG molecular weight affects the ferroelectric performance of the films. The 
values of remnant polarization and coercive field of the films derived from the 
solution without PEG and the solutions modified with PEG of different molecular 
weight are listed in Table 3.1. Figure 3.6 shows the
endence of hysteresis loops for PZT films under the applied electric field of 430 
kV/cm. For the film without PEG modification, some crack-free area had been 
selected for electric testing. Except for the film prepared from PEG1450-modified sol, 
the remnant polarization (Pr) of all the other films decreased with the increase of PEG 
molecular weights, and the coercive field (Ec) were increased with the increase of 
PEG molecular weights. As seen from the SEM (Figures 3.4 & 3.5), the structure of 
the films tended to be less densified with the PEG of higher molecular weight added 
in the sol. The voids distributed in the film likely decreased the effective electric field 
and made the reorientation of the domains more difficult under an externally applied 
electric field, which caused the increase of the observed coercive fields. The higher 
the porosity in the film, the more difficult for the domains to be reoriented, because 
the effective field applied on the PZT grains is reduced. Thus the coercive field is 
increased. The larger Ec value for the film modified with PEG200 than that of the film 
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without modification implies a possible porous structure PEG200, although the pores 
were not detected with SEM. For the film derived from PEG1450-modified sol, the 
hyesteresis loop is dilated, indicating a big loss induced by the large pores [25-31]. 
In general, the film modified with PEG200 exhibited excellent mechanical and 
electrical performance. With the increase of PEG molecular weight, the performance 
of modified films was deteriorated. With a low Young’s modulus (54.4 GPa), low 
dielectric constant (360), high dielectric loss (0.305) and high coercive field (150 
kV
 
pre ition of PEG could 
effectively eliminate film cracking, and a looser structure was formed in the film after 





Figure 3.6 Hysteresis loops for PZT films made from the sol with and without 
PEG modification: (a) no PEG, (b) PEG200, (c) PEG400, (d) PEG600 and (e) 































Polyethylene glycol with different molecular weights was added to solution
cursors for the preparation of PZT thin films. The add
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decomposition of the PEG when its molecular weight was large. The looser structure 
 additives has pronounced effects on the mechanical and electrical 
pro
modify the sol precursor of the PZN-
PT 
3.5
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perties of the films. However, the voids left by PEG with low molecular weight 
(PEG200) could be almost compensated by the growth of perovskite grains in the 
subsequent annealing procedure, and a densified film could be obtained with 
optimized mechanical, dielectric, and ferroelectric properties. The voids left by PEG 
with a molecular weight larger than 600 appeared too large to be eliminated by grain 
growth. As a result, the films were not fully densified, leading to a reduced Young’s 
modulus and deteriorated electrical properties.  
One important finding is that PEG modification of the precursor promoted the 
transformation of pyrochlore phase to perovskite phase. This finding will be very 
meaningful for the PZN-based thin films, in which the perovskite phase is difficult to 
form.  
In the following chapter, PEG was used to 
thin films, in order to promote the formation of the perovskite phase. Effects of the 
PEG molecular weights and addition amount on the crystallization of the PZN-PT 
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Chapter 4 PZN-PT Thin Films Prepared From PEG-
modified Solutions 
4.1 Introduction 
From the study of Pb(Zr,Ti)O3 (PZT) thin films in Chapter 3, we found that the 
formation of the perovskite structure was promoted in the films that were prepared 
from the solution containing PEG. Single perovskite phase formed in the PEG- 
modified films annealed at 580 °C with strong XRD peaks, while for the film without 
PEG modification, some pyrochlore phase was observed at 580 °C, though apparently 
disappeared after annealing at 700 oC.  The results indicate that when the sol 
precursor was modified with PEG, the perovskite phase formed at a lower 
temperature and the pyrochlore phase was suppressed.  
For the PZN system, only W-S Lee et al once employed polymer species PEG in 
the synthesis of the powder [1]. By adding a large amount of PEG in an aqueous 
precursor solution, they obtained the PZN powders with 91% perovskite phase. 
However, how PEG interacts with the precursor was not clarified.  
Since single crystal PZN-PT has demonstrated extraordinarily large piezoelectric 
constant along (001) direction [2-7], (001)-oriented PZN-PT thin films were desired.  
In this work, LAO single crystal substrates with (001)-orientation are selected for the 
deposition of PZN-PT thin films in order to guide the orientation in the films. (1-
x)PZN-xPT precursors with x ranging from 0.1 to 0.7 are modified with PEG. Effects 
of PEG molecular weight and addition amount on the resulting structures are 
investigated. The dielectric, ferroelectric, and piezoelectric properties are 
characterized.  
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4.2 Experimental 
4.2.1 Preparation of PZN-PT thin films 
The solution precursor of (1-x)PZN-xPT thin films were prepared by the method 
outlined in Figure 4.1. Lead acetate trihydrate, zinc acetate, niobium isopropoxide, 
titanium isopropoxide, and 2-methoxyethanol (2-MOE) solvent were used as the 
starting chemicals. PZN and PT were mixed according to the targeted compositions. 
To compensate for Pb loss during thermal treatment, a Pb excess of 15% in mole with 
respect to the stoichiometric amount was added. The concentration of the solutions is 
0.3 M. Finally, (1-x)PZN-xPT sol precursors with x values ranging from 0.1 to 0.7 
were prepared. The amount of PEG200 was 30% by weight, based on the total metal 
oxides in the solutions. The sol was spin-coated on the LAO substrate. The wet films 
were dried at 100 °C followed by a pyrolysis around 430 oC, and annealed at a higher 
temperature. The thickness of one spin-coated layer was about 0.062 µm. Desired 
thickness was obtained by repeating the process before final annealing. For 
comparison, the (1-x)PZN-xPT films derived from the sol without PEG modification 
were prepared the similar way. 
In order to investigate the effects of PEG addition amount and PEG molecular 
weight on the crystallization of perovskite phase, 0.8PZN-0.2PT thin films were 
prepared from sols with various amounts of PEG200 and PEG with different 
molecular weights. 
In order to clarify the formation mechanism of perovskite and pyrochlore phases 
during heat-treatment process, single layer 0.8PZN-0.2PT films derived from sols 
with and without PEG200 modification were prepared for XRD, FTIR and XPS 
analysis. 
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4.2.2 Preparation of LNO thin films 
LNO was prepared on LAO substrate to act as bottom electrode for the electrical 
properties measurement of the PZN-PT thin films. To prepare the LNO film, 
lanthanum nitrate and nickel acetate were used as the starting chemicals; both were 
dissolved in acetic acid with a molar ratio of La:Ni = 1:1. The LNO solution of 0.3 M 
was deposited on the LAO substrates by repeating the spin-coating cycles to achieve a 
thickness of 0.2 µm. The annealing was carried out at 700 °C. 0.7PZN-0.3PT thin film 
was subsequently deposited on the LNO layer. A top electrode of Au was deposited 
Mixing at room temperature 
Zn-acetate            
+                   
2-MOE  (80 oC)       
+                   
Nb-isopropoxide 
PZN-PT precursor solution 
Precursor solution for spin-coating 
Pb-acetate    
+             
2-MOE    
(110 oC) 
Zn-Nb sol. Pb sol. 
PZN sol. 
Pb-acetate      
+             
2-MOE     
(110 oC) 
Ti-isopropoxide     
+                 






Figure 4.1 Flowchart for the preparation of the precursor solutions of (1-x)PZN-
xPT thin films.  
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by sputtering. The resistivity of the LNO electrode was measured with a 4-point probe 
system (MCP-T360). The resistivity at room temperature for the LNO film annealed 
at 700 ˚C for one hour shows a low resistivity of 500 µΩּcm. The resistivity value is 
comparable to those of LNO films obtained by physical techniques, such as laser 
ablation sputtering [8-13].   
4.2.3 Characterization of the PZN-PT thin films  
XRD was carried out to determine the structures of all the films annealed at 
different temperatures. Phi-scan was conducted to examine the in-plane orientation of 
the films. The morphology of the samples was examined using FESEM. TGA and 
DTA were performed at a heating rate of 10 oC per min. FTIR was conducted to 
investigate the structural changes in the gel precursor complex after pyrolysis.  
Chemical states of the elements in the films were examined using XPS. The spectra 
data were obtained using monochromatic Al K source (1486.6 eV). All the binding 
energies at various peaks were calibrated by using the binding energy of C1s (285.0 
eV). 
For electrical measurement, Au was deposited on the ferroelectric films as top 
electrode. The dielectric constant (εr) and dielectric loss (tgδ) of the 0.7PZN-0.3PT 
thin film were measured using HP4194A. Polarization-electric field (P-E) 
characteristics were measured with a RT66A testing unit connected with a high 
voltage interface. The film was   finally poled at 150 kV/cm at room temperature for 
piezoelectric measurement. The piezoelectric properties were tested with a laser 
scanning vibrometer (LSV) [14]. 
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4.3 Results 
4.3.1 Crystallization of perovskite phase promoted by PEG 
Figures 4.2 presents the XRD patterns of the (1-x)PZN-xPT films prepared from 
30 wt% PEG-modified sol. The films were annealed at 580 oC. Perovskite phase 
formed in all the films with x ranging from 0.1 to 0.7. The films with x ≥ 0.4 exhibit 
only perovskite phase, with no pyrochlore phase being detected. For the films with x 
= 0.2 and 0.3, the perovskite phase was dominant over pyrochlore phase. Perovskite 
phase and pyrochlore phase coexisted in the 0.9PZN-0.1PT film. All the films show a 
(001)-orientation.  








































Figure 4.2 XRD patterns of (1-x)PZN-xPT films on LAO substrates with different 
x: (a) 0.1; (b) 0.2; (c) 0.3; (d) 0.4; (e) 0.5; (f) 0.6 and (g) 0.7. The films were 
annealed at 580 °C for 10 min. 
When the films were annealed at 700 °C (Figure 4.3), the pyrochlore phase in the 
films with x = 0.1 to 0.3 did not transform into the perovskite phase. Inversely, the 
content of the perovskite phase decreased in the 0.9PZN-0.1PT and 0.8PZN-0.2PT 
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films, indicating a transformation from perovskite phase to pyrochlore phase in these 
films.  



































Figure 4.3 XRD patterns of (1-x)PZN-xPT films on LAO substrates with different 
x: (a) 0.1; (b) 0.2; (c) 0.3; (d) 0.4; (e) 0.5; (f) 0.6 and (g) 0.7. The films were 
annealed  at 700 °C for 10 min. 
In contrast, for the films prepared from sols without PEG200 modification, 
0.8PZN-0.2PT film exhibited a complete pyrochlore phase, as shown in Figure 4.4. 
For the 0.5PZN-0.5PT and 0.3PZN-0.7PT films, the pyrochlore phase still existed and 
the crystallization was very poor when the annealing temperature was 580 oC. XRD 
peaks of perovskite phase became strong when the films were annealed at 700 °C. 
However, the pyrochlore phase was not fully eliminated. Clearly, compared with the 
PEG200-modified films, the formation and growth of perovskite phase in the films 
without PEG200 modification needs a higher temperature, while the pyrochlore phase 













































Figure 4.4 XRD patterns of (1-x)PZN-xPT films on LAO substrate prepared sols 
without PEG200 modification: (a) 0.8PZN-0.2PT pre-annealed at 580 oC for 10 
min; (b) 0.5PZN-0.5PT pre-annealed at 580 oC for 10 min; (c) 0.3PZN-0.7PT 
annealed at 580 oC for 10 min; (d) 0.5PZN-0.5PT annealed at 700 oC for 30 min 
(e) 0.3PZN-0.7PT annealed at 700 oC for 10 min. 
4.3.2 Raman spectra  
The Raman spectra of the 700 oC annealed films prepared from PEG modification 
are shown in Figure 4.5. The bands around 282 cm-1 (F2g), 589 cm-1 (Eg) and 734 cm-1 
(A1g) are assigned to perovskite phase [15, 16]. The intensity of the two peaks at 589 
cm-1 and 734 cm-1 increases with PT content in the film, indicating improved 
crystallization of the perovskite phase. The band at 713 cm-1 is related to pyrochlore 
phase, and it disappears when x > 0.5. From the XRD results as shown in Figure 4.3, 
the pyrochlore phase is not detected in the films with x = 0.4 and 0.5. It implies that 
Raman is more sensitive than XRD in differentiating different phases since Raman 
spectrum does not require correlation lengths as large as those for diffraction 
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Figure 4.5 Room temperature Raman spectra of (1-x)PZN-xPT thin films on 
LAO substrates with different x: (a) 0.1; (b) 0.2; (c) 0.3; (d) 0.4; (e) 0.5; (f) 0.6 
and (g) 0.7. The films were annealed at 700 oC for 10 min. 
4.3.3 SEM 
Figure 4.6 shows the SEM images of the 0.8PZN-0.2PT film prepared from the 
sol without PEG, and (1-x)PZN-xPT films with x = 0.1 ~ 0.7 prepared from PEG200-
modified sol. As shown in Figure 4.6 (A), the film derived from the sol without PEG 
exhibits a very rough morphology with non-uniform grain size ranging from 100 nm 
to even near 1 µm. As indicated by the XRD results, the large grains are pyrochlore 
phase. For the films prepared from sols with PEG modification, the grains are nano-
sized, and there are some larger second phase grains on the film surface. However, the 
amount of the larger grains decreases with the increase of PT amount. Only a few can 
be found when x reaches 0.4, and none in the 0.4PZN-0.6PT film. The larger and 
long-shaped grains are attributed to the pyrochlore phase, which coincides with the 
XRD patterns (Figure 4.3). The perovskite grains in the 0.4PZN-0.6PT and 0.3PZN-
0.7PT films are large and uniform, which is consistent with the high intensity of the 
XRD peaks (Figure 4.3 (f) & (g)).
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Figure 4.6 SEM images of 4-layer (1-x)PZN-xPT films: 0.8PZN-0.2PT prepared 
from the sol without PEG (A); and derived from the PEG200-modified sols with x: 
(B) 0.1; (C) 0.2; (D) 0.3; (E) 0.4; (F) 0.5;  (G) 0.6 and (H) 0.7. Films were annealed 
at 700 oC for 10 min.  
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4.3.4 Thermal stability 






























In order to investigate the thermal stability of the perovskite phase in the PZN-PT 
thin films prepared from the PEG-modified sols, the films were annealed at 800 oC for 
10 minutes. As shown in Figure 4.7, all the perovskite phase in the (1-x)PZN-xPT 
films with x = 0.1, 0.2 and 0.3 transformed into pyrochlore phase. Pyrochlore phase 
even appeared in the films with x = 0.4 and 0.5. The films with x = 0.6 and 0.7 still 
show complete perovskite phase. The results indicate that when the PT amount is 
lower than 60 mol%, although the perovskite phase forms at a lower temperature in 
the (1-x)PZN-xPT films, it tends to transform into pyrochlore phase at higher 
temperatures. The stability of the perovskite phase increases with PT amount in the 












Figure 4.7 XRD patterns of (1-x)PZN-xPT films on LAO substrates with 
different x: (a) 0.1; (b) 0.2; (c) 0.3; (d) 0.4; (e) 0.5; (f) 0.6 and (g) 0.7. The films 
were annealed at 800 °C for 10 min. 
Figure 4.8 shows the XRD results of 0.6PZN-0.4PT film annealed at 700 oC for 
different time. For the films annealed for 10 and 30 minutes, only perovskite phase 
was detected. When the annealing time was increased to 1 hour, the pyrochlore phase 
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appeared, indicating a transformation from the perovskite phase to pyrochlore phase. 
It is obvious that a longer annealing time is not favorable for the existence of the 
perovskite phase.   
































Figure 4.8 XRD patterns of 0.6PZN-0.4PT films on LAO substrate annealed at 
700 oC for different time: (a) 10 min; (b) 30 min; and (c) 1 hour. 
4.3.5 Effect of PEG molecular weight on the crystallization  
Figure 4.9 presents the XRD patterns of the 4-layer (0.25 µm) 0.8PZN-0.2PT thin 
film prepared from the sols modified with mono-ethylene glycol and PEG of different 
molecular weights. As shown in the figure, except for the film derived from the 
ethylene glycol modified sol (Figure 4.9 (a)), perovskite phase formed in all the films 
derived from the sols modified with PEG of different molecular weights (Figure 4.9 
(b)~(e)), although minor pyrochlore phase coexisted. The intensity of the perovskite 
peaks is the strongest in the film prepared from PEG200-modified sol. The results 
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Figure 4.9 XRD patterns of the 0.8PZN-0.2PT thin films on LAO substrates, 
prepared from sols modified with 30 wt% of PEG of different molecular weights: 
(a) ethylene glycol; (b) PEG200; (c) PEG400; (d) PEG600; and (e) PEG1450. The 
films were annealed at 580 oC for 10 min. 
4.3.6 Effect of PEG amount on the crystallization  
Figure 4.10 shows the XRD patterns of the 4-layer (~0.25 µm) 0.8PZN-0.2PT thin 
film prepared from the sols with different amounts of PEG200. As shown in the figure, 
perovskite phase tends to be stabilized with increasing PEG amount, and the intensity 
of perovskite peaks is the strongest, while the intensity of the pyrochlore peaks the 
weakest when PEG200 is 60 wt%. When PEG amount is above 60 wt%, the intensity 
of pyrochlore peaks tends to increase again.  The results indicate that 60 wt% of 
PEG200 is the optimal amount to stabilize the perovskite structure in 0.8PZN-0.2PT 
precursor.  
Figure 4.11 shows the XRD patterns of the 0.9PZN-0.1PT, 0.8PZN-0.2PT and 
0.7PZN-0.3PT films modified with 60 wt% of PEG200 annealed at 580 oC for 10 
minutes. Pyrochlore phase in the 0.7PZN-0.3PT film was nearly undetected. 
Perovskite phase in the 0.9PZN-0.1PT film was also dominant over pyrochlore phase. 
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The Phi scan of (110) plane of the films shows in-plane orientation, as shown in 























ZN-0.2PT films prepared from sols modified 
with different amounts of PEG200, (a) 30 wt%; (b) 45 wt%; (c) 60 wt% and (d) 80 
wt%. The films were annealed at 580 oC for 10 min. 
 
























































Figure 4.11 XRD patterns of (1-x)PZN-xPT films prepared from sols modified 
with 60 wt% of PEG200 on LAO substrate with x: (a) 0.1; (b) 0.2; and (c) 0.3. The 
films were annealed at 580 °C for 10 min. 
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Figure 4.12 Phi-scan pattern of the (110)-plane of the 0.8PZN-0.2PT film on 
LAO substrate prepared from the sols modified with 60 wt% of PEG200. The 
films were annealed at 580 °C for 10 min. 
4.4 Mechanisms of PEG’s effects on the crystallization 
4.4.1 Crystal development 
Figure 4.13 presents the XRD results of 1-layer (0.062 µm) 0.8PZN-0.2PT films 
prepared from the PEG200 modified sol (Figure 4.13 (A)) and from the sol without 
PEG modification (Figure 4.13 (B)). The films were heat-treated at different 
temperatures from 400 to 700 oC. As shown in Figure 4.13 (A), for the films prepared 
from PEG200-modified sol, both of the XRD peaks for pyrochlore phase (29.3o) and 
the perovskite phases (45.0o) appear at 500 °C. The intensity of (001) and (002) peaks 
of the perovskite phase abruptly becomes high at 550 oC and the perovskite phase is 
dominant over the pyrochlore phase. With the increase of the heating temperature, the 
intensity of both the perovskite and pyrochlore phases increases. No evidence shows 
the transformation of pyrochlore phase into perovskite phase, but a slight increase of 
the intensity of the XRD peaks for both pyrochlore peak at 29.3o. The results indicate 
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that both of the perovskite and pyrochlore phases form directly from the amorphous 
film, and they coexist at a higher temperature.  























































































Figure 4.13 XRD results of the 0.8PZN-0.2PT thin films on LAO substrate derived 
from (A) PEG200 modified sol; (B) sol without PEG modification. Films were 
heated at (a) 400 oC; (b) 450 oC; (c) 500 oC; (d) 550 oC; (e) 580 oC and (f) 700 oC 
for 10 min.  
(B) 
 
In contrast, for the films derived from the sol without PEG modification, as shown 
in Figure 4.13 (B), the hump at 29 oC exists in the films heated at 400 - 450 oC, which 
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leads to the formation of pyrochlore phase at an elevated temperature of 500 oC and 
above. No perovskite phase forms even when the film was annealed at 700 oC. 
The results indicate that by modifying the sol precursor with PEG, the formation 
of pyrochlore phase in the 0.8PZN-0.2PT films is dramatically suppressed. Dominant 
perovskite phase forms when the heating temperature is high enough (500 oC and 
above) in the film derived from the PEG-modified sol, although there is minor 
pyrochlore phase. 
4.4.2 FTIR of the 0.8PZN-0.2PT thin films 
Figure 4.14 shows the FTIR spectra of the 0.8PZN-0.2PT thin films derived from 
the sols with and without PEG modification. For the films without PEG and pyrolyzed 
at 400 oC and 430 oC, the deep valleys at 1300 ~ 1500 cm-, as shown in (a) and (b), 
are attributed to carbonate formation [17-20]. The carbonates disappeared when the 
film was annealed at 580 oC (Figure 4.14 (c)). In contrast, for the films derived from 
the sol modified with PEG, there are no such deep valleys between 1300 ~ 1500 cm-1 
(Figure 4.14 (d)-(f)). The spectrum does not change significantly in this range when 
the annealing temperature is increased from 400 to 580 oC, where the XRD results 
show that the films crystallized into dominant perovskite phase. A C-O-C vibration 
mode around 1100 cm-1 is observed only in the films derived from PEG-modified sol, 
which became weakened after the film was annealed at 580 oC. The C-O-C 
connections probably come from the PEG structure and they exist even at a 
temperature well above the decomposition temperature of pure PEG, which is below 
300 °C. It is possibly due to the interaction between C-O-C and the metal ions. The 
FTIR results thus show that without PEG, carbonates tend to form in the film. In 
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contrast, C-O-C from PEG possibly interacts with metal ions, which could prevent the 
 












4.4.3 TGA/DTA of the gel precursor  
 
Figure 4.15 shows the TG/DTA profiles for the 0.8PZN-0.2PT gel precursors with 
nd without PEG. For the sample with PEG, there is a sharp weight loss at 200 ~ 250 
position of PEG. The subsequent weight loss with the 
cr ased temperature is continuous until the weight loss is completed at 450 oC. In 
contrast, for the sample without PEG, the weight loss is moderate and continuous in 
the range of 250 ~ 440 oC, but a sharp weight loss occurs at 440 ~ 470 oC. In 
refe ence to the FTIR results, this weight loss is attributed to the decomposition of 
arbonates, accompanied by the crystallization exothermic peak as shown in the DTA 
c le 
with PEG, implying that no or much less carbonates formed during the heating 
process, and the crystallization occurred at a lower temperature than the sample 
Figure 4.14
without (a-c
 FTIR spectra of the 0.8PZN-0.2PT thin films on LAO substrate 
) and with (d-f) PEG modification.  A and B: carbonates stretching 







































urve. However, there is no such stepped weight loss at 440 ~ 470 oC in the samp
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nealed at 580 oC, a dominant perovskite phase and a nearly 
undetectable pyrochlore phase co-exist. Therefore, for the film annealed at 580 oC, the 
main peaks of Pb4f7/2 at 140.5 eV and Pb4f5/2 at 145.0 eV represent the perovskite 
phase. The small peaks at 138.5 eV and 143.5 eV represent the pyrochlore phase in 
the film.  W-S Lee el al’s study also shows that the binding energy of Pb4f in 
perovskite phase is higher than that in pyrochlore phase [21]. It is interesting to note 
 
hout PEG, as shown in the DTA curves. The results indicate that due to the 
interaction between metal ions and PEG, carbonate is not favored in the sample with 










4.4.4 Chemical states of Pb4f 
Figure 4.16 presents the XPS spectra for the one-layer 0.6PZN-0.4PT films 
derived from the sol with (Figure 4.16(A)) and without (Figure 4.16(B)) PEG 
modification. As shown in Figure 4.16(A), there are multiple chemical states of Pb in 
the films with PEG modification. According to the XRD results for the one layer 
0.6PZN-0.4PT film an
Figure 4.15 TGA/DTA profiles of 0.8PZN-0.2PT gel precursor with and 
without PEG200.  
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that the higher binding energies for the Pb4f are also observed in the films heated at 
and below 400 oC, in which perovskite structure does not form yet.  In contrast, for 
the films derived from the sol without PEG modification, there is only a symmetric 
peak around 138 eV for Pb4f7/2 and another symmetric peak at 143 eV for Pb4f5/2 in 
the amorphous films heated below 400 oC, which leads to the subsequent formation of 
the pyrochlore phase when the film is annealed at 580 oC, as shown in Figure 4.16 (B).   
00 oC, the high binding energy at 139.5 eV for 
Pb4
The results imply that the ionization state of the Pb  is enhanced by the 
interaction with PEG thus making the chemical states of Pb  in the amorphous films 
closer to those in the perovskite phase. Therefore, perovskite structure is favored in 
the crystallization process. Results from FTIR and TGA/DTA analyses indicate that 
carbonates form in the samples without PEG which retarded the crystallization. In 
contrast, carbonates do not form in the samples with PEG modification, but C-O-C 
bonds exist even when the film is annealed at 580 C. The C-O-C bonds are likely to 
interact with metal ions through O which is from the PEG chains.  
Results indicate that the oxygens coordinating Pb are likely brought to the 
perovskite structure by rearranging themselves. As a result, the perovskite phase 
form
For the film with PEG dried at 1
f7/2 and 145.0 eV for Pb4f5/2 may correspond to the chemical state of Pb2+ 
interacting with PEG, while the small peaks at 138.0 eV and 143.5 eV may represent 
the Pb2+ not interacting with PEG. Although the PEG is pyrolyzed around 300 oC, the 
bond between Pb2+ and O probably may not be broken. Therefore, the higher chemical 
state of Pb2+ remains even when the film is heated at 300 oC or 400 oC, which finally 





s directly from the amorphous gel film, not through transformation from 
pyrochlore phase. This finding is different from the previous reports, where it is found 
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that the perovskite phase was transformed from the pyrochlore phase in the PZN-



































4.5 Electrical properties of 0.7PZN-0.3PT thin films  
e 4.16 XPS profiles of Pb4f in the 1-layer 0.6PZN-0.4PT thin films heat-treated 
) The films derived from the sol without PEG modification. The solid lines are 
Since minor pyrochlore phase still exists in both 0.9PZN-0.1PT and 0.8PZN-
0.2PT films while it is apparently undetectable with XRD in 0.7PZN-0.3PT film, as 
shown in Figure 4.11, a 4-layer 0.7PZN-0.3PT film was prepared on a LNO-coated 
LAO substrate for electrical testing. The thickness of the film is 0.25 µm. The sample 
with bottom electrode (LNO) and top electrode (Au) was illustrated in Figure 4.17.  
at different temperatures. (A) The films derived from the sol with PEG modification; 
(B
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Figure 4.18 shows the XRD patterns of the 0.7PZN-0.3PT film on the LNO-
coated LAO substrates. The film shows a (001)-oriented perovskite phase with a weak 
peak at 29.2o indicating a small amount of pyrochlore phase. The intensity of the 
XRD peaks of the perovskite phase increased when the film was annealed at 700 oC 







































Figure 4.18 XRD patterns of 0.7PZN-0.3PT film on LNO-coated LAO substrate 
prepared from the sol modified with 60 wt% of PEG200: (a) pre-annealed at 580 
oC for 10 min; (b) annealed at 700 oC for 10 min. 
0.7PZN-0.3PT Film 
Bottom electrode (LNO) 
Top electrode (Au) 
Figure 4.17 Illustration of the 0.7PZN-0.3PT thin film sample on the LAO 
).  substrate with bottom electrode (LNO) and top electrode (Au
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Figure 4.19 shows the frequency dependence of dielectric constant (εr) and 
diele
kH nt is fairly high and the loss is quite low, 




2 3 4 5
1500
2000
ctric loss (tgδ) of the 0.7PZN-0.3PT film. The εr and tgδ are 1570 and 0.06 at 1 









































































odified with PEG200; 










Figure 4.19 Dielectric constant and dielectric loss of a 0.7PZN-0.3PT film on 
LNO coated LAO substrate prepared from the sol m























Figure 4.20 P-E hysteresis loop of the 0.7PZN-0.3PT film on a LNO-coated 
LAO substrate prepared from the sol modified with 60 wt% of PEG200; 
annealed at 700 oC for 10 min. 
Chapter 4: PZN-PT Thin Films Prepared From PEG-modified Precursor Solutions 
 
Figure 4.20 presents the P-E hysteresis loop of the film, exhibiting a remnant 
polarization and a coercive field of 12 µC/cm2 and 100 kV/cm, respectively.  
 
































igure 4.21 The three dimensional drawing of the vibration of the 0.7PZN-0.3PT 
lm (4.5v, 1.5 kHz). 
Figure 4.21 presents a three dimensional drawing of the instantaneous vibration 
when the displacement of the 0.7PZN-0.3PT film reaches the maximum magnitude 
under a sine wave driving voltage of 4.5V at 1.5 kHz. The central area moving 
upward is the Au-electrode covered area; the surrounding area moving downward 
below the zero point is the region without the top-electrode. The dilation magnitude of 
the films is equivalent to the numerical addition of the displacement of the area with 
top electrode and the area without the top electrode [14]. Therefore, the dilation 
magnitude of the film, as presented in Figure 4.20, is around 228 pm, which is derived 
by the numerical value of area with top electrode (189 pm) plus the numerical value 
o t d33 is 
obtained by dividing the dilation magnitude 28 pm) by the applied voltage (4.5 V). 
f the area without electrode (39 pm). The effective piezoelectric coefficien
(2
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value if the in-plane effect of the substrate is taken into account. 
4.6 Summary 
By modifying the sol precursor with PEG200, epitaxial PZN-PT films with (001) 
orientation have been successfully prepared on LAO substrates. PEG promotes 
formation of the perovskite phase while suppresses the pyrochlore phase. With 60 
wt% of PEG200, the (1-x)PZN-xPT films with x ≥ 0.2 exhibit nearly complete 
perovskite structure. The perovskite structure is still dominant over pyrochlore phase 
even in the 0.9PZN-0.1PT film.  In contrast, only pyrochlore phase formed in the 
0.8PZN-0.2PT films prepared from the sol without PEG modification.  
Results also show that the perovskite structure forms directly from the amorphous 
f re 
phase in the PZN-PT films. XPS results imply that the ionization state of the Pb2+ is 
enh
se, d33 is 50.6 pm/V without taking into account the clamping effect of the 
substrate. The actual piezoelectric constant should be significantly higher t
ilms at a low temperature (500 ~ 580 oC), but not transformed from the pyrochlo
anced by the interaction with PEG thus making the chemical states of Pb2+ in the 
amorphous films closer to those in the perovskite phase. Therefore, perovskite 
structure is favored in the crystallization process. Results from FTIR and TGA/DTA 
analyses indicate that carbonates formed in the samples without PEG which retarded 
the crystallization. In contrast, carbonates did not form in the samples with PEG 
modification, but C-O-C connections exist even when the film was annealed at 580 oC. 
The C-O-C chains were likely to interact with metal ions through O from the PEG 
chains. It is possible that chelates formed between PEG and Pb2+. The bond between 
Pb2+ and O was not broken even when the films were pyrolyzed. The oxygens 
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connecting Pb2+ could be directly brought to the perovskite structure by rearranging 
themselves.  
The 0.7PZN-0.3PT films have fairly high dielectric constant and exhibit typical 
resis loops. The dielectric constant and loss of the film on the LNO-
coated LAO substrate are 1570 and 0.06 respectively at the frequency of 1 kHz. The 
remnant polarization and coercive field are 12 µC/cm  and 50 kV/cm, respectively. 
The effective d33 is 50.6 pm/V at 1.5 kHz without taking into account the clamping 
effect of the substrate 
y. 
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Chapter 5 PZMN-PT Thin Films Prepared From PEG-
Modified Solutions 
 0.1 ~ 
ase is not detectable with 
ation of the 
perovskite phase. PEG with a molecular weight of 200 has proven the most efficient. 
The optimal amount of the PEG added is 60 wt%.  However, we have not completely 
removed the pyrochlore phase when PZN-PT composition is around the MPB 
(0.9PZN-0.1PT), although the perovskite phase is still dominant in the film with the 
MPB composition.  
Lead magnesium niobate Pb(Mg1/3Nb2/3)O3 is another typical ferroelectric 
material with excellent dielectric and piezoelectric peroperties [1-7]. PMN-PT has a 
MPB in the region of 30 – 37 mol% PT with the rhombohedral phase and the 
tetragonal phase coexisting [8-13]. The addition of PMN to PZN-PT system could 
possibly further eliminate the formation of the pyrochlore phase, without appreciable 
deterioration of dielectric and piezoelectric properties. Recently, it was reported that 
the minimum fraction of PMN needed for the stabilization of PZN is 40 mole%, and 
there is a MPB existing in (1-x)(0.6PZN-0.4PMN)-xPT ((1-x)PZMN-xPT) ceramics 
when x = 0.23 [14, 15]. Ceramics with this MPB composition have demonstrated 
excellent piezoelectric and dielectric properties. To our knowledge, there has been no 
report on the preparation or properties of the thin film with this MPB composition. 
5.1 Introduction 
In Chapter 4, we have synthesized perovskite (1-x)PZN-xPT thin films (x =
0.7) with PEG-modified sol precursors. The pyrochlore ph
XRD in the films with x ≥ 0.2. PEG has dramatically promoted form
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The purpose of this study is to synthesize the (1-x)PZMN-xPT thin films with 
MPB composition using the PEG-modified chemical solution deposition method.  
In this chapter, (1-x)PZ  = 0.1, 0.23 and 0.3 were 
n LaAlO3 (LAO) single crystal substrates with PEG-modified 
chemical solution deposition method. The multilayered films with a thickness of 0.25 
µm and above showed a single perovskite phase without any detectable pyrochlore 
structure. Dielectric, ferroelectric and piezoelectric properties of the films were 
characterized.  
nd 2-methoxyethanol (2-MOE) was used as solvent. Solutions of 
PbO
C, 
respectively.  The two solutions were then mixed to prepare the PT solution at room 
MN-xPT thin films with x
successfully prepared o
5.2 Experimental 
For the preparation of the PZMN-PT thin films, lead acetate, zinc acetate, 
magnesium acetate, niobium isopropoxide, titanium isopropoxide were used as 
starting chemicals, a
, Zn1/3Nb2/3O2 (ZN), Mg1/3Nb2/3O2 (MN) and PbTiO3 (PT) were prepared 
separately and mixed according to the target composition to form the desired 
precursor solution. To compensate for Pb evaporation during the subsequent thermal 
treatment, a Pb excess of 15 mol% with respect to the stoichiometric amount was 
added. To prepare the PbO solution, lead acetate trihydrate was dissolved in 2-MOE 
at 110 oC and stirred for 15 minutes. To prepare the ZN solution, zinc acetate was 
dissolved in 2-MOE at 80 oC for 10 minutes, followed by the addition of the Nb-
isopropoxide to the solution under stirring.  To prepare the MN solution, magnesium 
nitride was dissolved in 2-MOE at 110 oC for 10 minutes, followed by the addition of 
the niobium isopropoxide under stirring.  To prepare the PT solution, two separate 
solutions of lead and titanium were prepared in 2-MOE at 115 °C and 80 °
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obtained by repeating the process before final annealing. For 
comparison, the 0.77PZMN-0.23PT film from sols without PEG was prepared the 
similar way. 
XRD (GADDS) was carried out to determine the structures of the films annealed 
at different temperatures. Phi-scan was conducted to examine the in-plane orientation. 
For the one-layer samples, since the diffraction pattern from LAO single crystal 
substrate is very strong which could damage the detector of the XRD system, the 
diffraction from LAO was avoided by a pre-set program. For example, when the 
sample on the rotating stage was approaching 23.5  (2θ), where XRD diffraction 
happens on (001) plane of LAO, X-ray was blocked with a shutter automatically so 
that the diffraction was skipped. The morphology of the samples was examined using 
FESEM. Chemical states of the elements in the films were examined using XPS. The 
spectra data were obtained using monochromatic Al K source (1486.6 eV). The 
binding energies at various peaks were calibrated by using the binding energy of C1s 
(285.0 eV). The decomposition process on heating the gel samples was studied with 
TGA/DTA. The heating rate was 10 C/min in air.  
was deposited on LAO substrate as bottom electrode by pulsed laser deposition (PLD) 
perature. Finally, the PbO, ZN, MN, and PT solutions were mixed at room 
temperature to obtain the PZMN-PT precursor solution, with a concentration of 0.3
The PZMN-PT sol precursor was modified with PEG with a molecular weight of 
200 (PEG200). The amount of PEG200 was 60% by weight, based on the total metal 
oxides in the solutions. The sol was spin-coated on the LaAlO3 (LAO) substrate. The 
wet films were dried at 100 °C followed by a pyrolysis, and an annealing process at 




To measure the electrical properties, a conductive La0.7Sr0.3MnO3 (LSMO) layer 
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method [16]. Subsequently, the 0.77PZMN-0.23PT film was deposited on the LSMO 
layer by spin-coating process. Finally, Au top electrode was deposited with sputtering 
pro
lization of 0.77PZMN-0.23PT thin films aided by PEG  
o  o
o
ture of 530 oC and above. No any 
per o
cess. The dielectric constant (εr) and dielectric loss (tgδ) were measured using an 
impedance analyzer (HP4194A). Polarization-electric field (P-E) characteristics were 
studied with a RT66A testing unit connected with a high voltage interface. The film 
was   finally poled at 150 kV/cm at room temperature for piezoelectric measurement. 
The piezoelectric properties were tested with a laser scanning method [17]. 
5.3 Results and discussion 
5.3.1 Crystal
Figure 5.1 presents the XRD results of the 1-layer (0.062 µm) 0.77PZMN-0.23PT 
films on LAO substrates prepared from sols modified with PEG200 (Figure 5.1 (A)) 
and without PEG modification (Figure 5.1 (B)). As shown in Figure 5.1 (A), for the 
films derived from the PEG-modified sol, XRD peaks for both of the pyrochlore 
phase and the perovskite phase appeared at 430 °C. When the film was heated at 530 
C or 580 C, the intensity of (001) and (002) peaks of the perovskite phase abruptly 
became high. However, the pyrochlore phase was not completely eliminated even 
when the film was annealed at 700 C. The results indicate that both of the perovskite 
and pyrochlore phases formed directly from the amorphous film, and they coexisted at 
high temperature.  
In contrast, as shown in (Figure 5.1 (B)), for the films derived from the sol 
without PEG modification, a hump at 29.2oC existed in the films heated below 480 oC, 
and pyrochlore phase formed at an elevated tempera
ovskite phase formed even when the film was annealed at 700 C. 
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Figure 5.2 presents the XRD patterns of 4-layer (1-x)PZMN-xPT thin films with a 
thickness of 0.25 µm. Only a minor pyrochlore phase exists in the film with PT 
amount of 10%. The films with 23% and 30% of PT exhibit single p
(A) 


























eratures. The films were derived from (A) PEG200 modified sol; (B) 
G.  
 































he Phi scan of (111) plane of the films shows in-plane orientation, as shown in 
Figure 5.3.  
Figure 5.2 XRD results of the 4-layer (1-x)PZMN-xPT thin films derived from 
odified sol with various x values: (a) 0.1; (b) 0.23; and (c) 0.3; films 
were annealed at 700 oC for 10 min.  
10 20 30 40 50 60
ount indicating the improved crystalline. The existence of the pyrochlore phase in 


























































Figure 5.3 Phi-scan pattern of the (111)-plane of the 0.77PZMN-0.23PT film on 
LAO substrate prepared from the sols modified with 60 wt% of PEG200. The 
films were annealed at 700 °C for 10 min. 
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he results indicate that by modifying the sol precursor with PEG, the formation 
of pyrochlore phase in the (1-x)PZMN-xPT films was singnificantly suppressed and 
the perovskite phase was favored. With the aid of PEG, the perovskite phase can form 
when the heating temperature is high enough (530 oC or above). 
Figure 5.4 shows the SEM surface morphology of the 0.77PZMN-0.23PT thin 
films on LAO substrate prepared from the sols with 60 wt% of PEG200 and withou
PEG modification. The film derived from the PEG200-modified sol was uniform with 
the grain size of a few tens of nanometer, as shown in Figure 5.4 (A). In contrast, for 
the film derived from the sol without PEG modification, the grains distributed loosely 
and the grain size was quite large and not uniform with the size ranging from 100 nm 
to 1 µm. As indicated by the XRD results, the small grains in Figure 5.4 (A) are 











Figure 5.4 SEM images of 4-layer 0.77PZMN-0.23PT films on LAO substrates 
derived from different sols: (a) with 60 wt% PEG200 modification; (b) without 








Figure 5.5 XPS profiles of Pb4f in the 1-layer 0.77PZMN-0.23PT thin films heat-
treated at different temperatures. (A) The films derived from the sol with PEG 
modification; (B) The films derived from the sol without PEG modification. The 
solid lines are the experimental results and the dashed lines are the fitting curves.  
1 4 6 1 4 4 1 4 2 1 4 0 1 3 8 1 3 6
2 Chemical states of Pb4f  
Figure 5.5 presents the XPS spectra for the one-layer 0.77PZMN-0.23PT films 
derived from the sols with (Figure 5.5 (A)) and without (Figure 5.5(B)) PEG 
modification. As shown in Figure 5.5 (A), there are multiple chemical states of Pb in 
the films with PEG modification. According to the XRD results, the 1-layer 
0.77PZMN-0.23PT film annealed at 580 oC shows a dominant perovskite structure 
with minor pyrochlore phase. Therefore, for the film annealed at 580 oC, the main 
peaks of Pb4f7/2 at 140 eV and Pb4f5/2 at 145 eV respectively, repre
perovskite phase. The small peaks at 138.5 eV and 143.5 eV represent the pyrochlore 
phase in the film. W-S Lee el al’s study also shows that the binding energy of Pb4f in 
perovskite phase is higher than that in pyrochlore phase [18, 19]. It is interesting to 
note that the higher binding energies for the Pb4f are also observed here in the films 
heated at or below 400 oC, in which perovskite structure does not form yet.   
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For the film with PEG dried at 100 oC, the high binding energy at 140 eV for 
Pb4




150 146 144 142 140 138
f7/2 and 145 eV for Pb4f5/2 may correspond to the chemical state of Pb2+ 
interacting with PEG, while the small peak at 138.5 eV may represent the Pb2+ not 
interacting with PEG. Although the PEG is pyrolyzed around 300 oC, the bonds 
between Pb2+ and O may not be broken. Therefore, the higher chemical state of Pb2+ is 
remained even when the film is heated at 300 oC or 400 oC, which finally leads to the 
formation of the perovskite phase at a higher temperature. The results imply that the 
ionization state of Pb2+ is enhanced by the interaction with PEG thus making the 
chemical states of Pb2+ in the amorphous films closer to those in the perovskite phase. 
Therefore, perovskite structure is favored in the crystallization process.  
 In contrast, for the films derived from the sol without PEG modification, the 
Pb4f7/2 peak is around 138.5 eV and Pb4f5/2 around 143.5 eV in the amorphous 
films heated below 480 oC as shown in Figure 5.5 (B, leading to the formati










igure 5.6 XPS profile of Pb4f in the 4-layer 0.7PZMN-0.3PT thin film Films 
erived from the sol with PEG modification; and annealed at 700 oC for 10 min. The 


















Chapter 5: PZMN-PT Thin Films Prepared From PEG-modified Precursor Solutions 
 
Figure 5.6 shows the XPS profile for the four-layer 0.7PZMN-0.3PT films. The 
profile is quite symmetric and the Pb4f7/2 appears at 140.5 eV. As shown in the XRD 
result (Figure 5.2 (c)), only perovskite phase formed in the film. Therefore, the 
Pb4f7/2 at 140.5 eV is confirmed to be the chemical state of Pb in the perovskite 
structure.  
5.3.3 TGA/DTA of the gel precursor  
Figure 5.7 shows the TGA/DTA profiles for the 0.77PZMN-0.23PT gel precursors 
with and without PEG. For the sample with PEG, there is a sharp weight loss at 180 ~ 
250 oC, corresponding to the decomposition of PEG. The subsequent weight loss with 
the increased temperature is continued until completion at 460 oC. In contrast, for the 
sam






ple without PEG, a sharp weight loss occurs at 450 ~ 470 oC. This step in the 
TGA curve is relating to the decomposition of carbonates [20, 21], which is 
accompanied by the crystallization exothermic peak as shown in the DTA curve.  
However, there is no such stepped weight loss at 450 ~ 470 
PEG, implying that no or much less carbonates formed during the heating process, 
and the crystallization occurs at a lower temperature than the sample without PEG, as 
shown in the DTA curves. The results indicate that carbonate is not favored in the 
sample with PEG due to the interaction between metal ions and PEG so that the 










































5.3.4 Electrical Properties of 0.77PZMN-0.23PT thin films  
Figure 5.8 shows the XRD patterns of 14-layer 0.77PZMN-0.23PT films on 
LSMO-coated LAO substrates. The thickness of the film is about 0.85 µm. The film 
shows (001)-oriented perovskite phase. The intensity of the peaks increased when the 




Figure 5.7 TGA/DTA curves of the 0.77PZMN-0.23PT gels. Solid lines: no PEG, 
100 200 300 400 500 600 700






















































Figure 5.8 XRD patterns of 0.77PZMN-0.23PT films on LSMO/LAO substrates, 
(a) annealed at 580 oC for 10 minutes; (b) annealed at 700 oC for 10 minutes.  
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Figure 5.9 shows the frequency depe dence of dielectric constant (εr) and 
dielectric loss (tgδ) of the 0.77PZMN-0.23PT film grown on the LSMO-coated LAO 
substrate. The values of εr and tgδ are 3494 and 0.06 respectively at the frequency of 1 
kHz at room temperature. The dielectric constant is significantly higher than the 
currently popular lead zirconate titanate (PZT) and barium titanate (BT) thin films 
[22-26]. Such 0.77PZMN-0.23PT thin films are particularly promising as new high 
dielectric constant medium for integrated capacitors [27-29]. 
 
igure 5.10 presents the P-E hysteresis loops of the film under different applied 
fields. With the increase of the electric fields, the remnant polarization and coercive 
field increase and the polarization tends to be saturated. When the applied field is 500 
kV/cm, the remnant polarization and coercive field are 12 µC/cm2 and 19 kV/cm, 
respectively, which is highly demanded for ferroelectric memory applications with 





















































Figure 5.9 Dielectric constant and dielectric loss of 0.77PZMN-0.23PT film on 
LSMO coated LAO substrate prepared from the sol modified with 60 wt% of 
EG200; annealed at 700 oC for 10 min. P
 105












































































































Figure 5.10 P-E hysteresis loops of a 0.77PZMN-0.23PT film on LSMO-coated 
LAO substrate prepared from the sol modified with 60 wt% of PEG200: (a) 300 
kV/cm; (b) 400 kV/cm; and (c) 550 kV/cm. Annealed at 700 oC for 10 min. 
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igure 5.11 presents a three dimensional drawing of the instantaneous vibration 
when the displacement of the 0.77PZMN-0.23PT film reaches the maximum 
magnitude under a driving voltage of 9.5 V at 100 kHz. The central area moving 
upward is the Au-electrode covered area; the surrounding area moving downward 
below the zero point is the 0.77PZMN-0.23PT film without the top-electrode. The 
dilation magnitude of the films was equivalent to the numerical addition of the 
displacement of the area with top electrode and the area without top electrode. 
Therefore, the dilation magnitude of the displacement presented in Figure 5.10 is 
around 655 pm. The effective piezoelectric coefficient d33 is 69 pm/V without taking 
into account the clamping effect of the substrate. The actual piezoelectric constant 






The frequency and voltage dependences of the dilation were also measured, as 
ent 










































0.77PZMN-0.23PT film (100 kHz, 9.5V). 
Figure 5.11 The three dimensional drawing of the instantaneous vibration of the 
shown in Figure 5.12. Figure 5.12 (A) shows the dilation measured at differ
frequencies ranging from 1.5 kHz to 150 kHz under the voltage of 4.8
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dila
5.4 Summary  
By modifying the sol precursor with PEG200, perovsktite (1-x)PZMN-xPT films 
tation magnitudes are all around 300 pm with no much variations at different 
frequencies. Figure 5.12 (B) shows the dilation magnitudes measured at different 
applied voltages under 100 kHz. The dilation is approximately in a linear relationship 




















































dependence at 4.8 V; and (B) voltage dependence at 100 kHz.  
with x = 0.1, 0.23 and 0.3 have been successfully prepared on the LAO substrates. 
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Although minor pyrochlore phase appears in the one-layer film, the 4-layer films 
show single perovskite phase. In contrast, the films prepared from the sols without 
PEG modification exhibit only pyrochlore phase. It is demonstrated that in the 
PZMN-PT films PEG promotes the formation of the perovskite phase at a lower 
tem erature while suppresses the pyrochlore phase. The perovskite structure in the 
0.77PZMN-0.23PT thin film forms directly from the amorphous film at a low 
temperature (530 oC), but not from the transformation of the pyrochlore phase. 
The XPS results imply that the ionization state of the Pb2+ is enhanced by the 
interaction with PEG thus making the chemical states of Pb2+ in the amorphous films 
closer to those in the perovskite phase. The fore, pero te structure is favored in 
the crystallization process. It is possible that chelates formed between PEG and Pb2+. 
The bonds between Pb2+ and oxygens in PEG are possibly not broken even when the 
PEG were pyrolyzed. The oxygens connecting Pb2+ could be brought directly to the 
perovskite structure by rearranging themselves.  These findings are similar to those in 
the PZN-PT films as presented in Chapter 4.  
The 0.77PZMN-0.23PT films have very high dielectric constant and exhibit slim 
ferroelectric hysteresis loop. The dielectric constant and loss of the film on the 
LSMO-coated LAO substrate are 3494 and 0.06 at 1 kHz, respectively. With the 
increase of the electric field, the remnant polarization and coercive field increase and 
the loop tends to be saturated. When the applied field is 500 kV/cm, the remnant 
p , respectively. The 
/V at 100 kHz without taking into account the clamping effect of 
the substrate. The d33 keeps almost constant at different frequencies ranging from 1.5 
~ 100 kHz.  
p
re vski
olarization and coercive field are 12 µC/cm2 and 19 kV/cm
effective d33 is 69 pm
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Chapter 6 Mechanisms of PEG’s Effects on the Formation 
of Perovskite Structure 
As shown by the results achieved in the preparation of PZT, PZN-PT and PZN-
PMN-PT thin films, PEG plays an important role in promoting the perovskite phase 
 of PEG’s 
pyrochlore and perovskite is discussed first in this chapter. Consequently, a structure 
 in the 
solution. Based on this structure model, the formation mechanism of the perovskite 
phase is investigated in a steric view. Thermal stability of the perovskite phase in the 
perovskite phase by PEG is analyzed from a thermodynamic point of view. 
6.1 Relationship between fluorite, pyrochlore and perovskite 
structures 
In order to understand the stability of the Pb-containing compounds, crystal 
structures of fluorite, pyrochlore and perovskite phases and the relationship between 
2 2  
s 
wn in Figure 6.1, 
anions occupy the 
tetragonal interstices formed by the ions [1-3]. 
and suppressing the pyrochlore phase. In order to understand the mechanism
effect on the crystallization process, the structural relationship between fluorite, 
model is proposed regarding the interaction between PEG and Pb2+ ions
PZN-PT and PZN-PMN-PT systems are further discussed. Finally, the stabilization of 
them are first discussed in this section.  
The term “fluorite” originates with the mineral CaF . Oxides such as ZrO  and
CeO2 have a fluorite structure. For simplicity, the fluorite structure in this thesis i
generally written as MO2 (M: metal). In the fluorite structure as sho
the metal ions form a face centered cubic, and the oxygen 
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The pyrochlore structure is normally of the type A2B2O7, which can be derived 
 the pyrochlore structure [4]. 
from the fluorite structure MO2 by removing 1/8 of the oxygens. As a result, oxygen 
vacancies are generated in
rray with 
oxygen ions located in the tetrahedral interstices of the cation array. There are two 
different cations in the pyrochlore structure, A and B, that order into alternate (110) 
rows in every other (001) plane. This cation ordering gives three distinguishable 
tetrahedral sites for the anions. Site I is tetrahedral site having two A and two B 
Figure 6.2 presents the pyrochlore structure. As in the fluorite structure, the 
cations of the cubic A2B2O7 pyrochlore phase form a face-centered-cubic a
M 
O 





O’ (site II) 
 
B 
O (site I) 
Oxygen vacancy 
(site III) 
Figure 6.2. 1/8 unit cell of the pyrochlore stucuture as derived from a fluorite 
lattice [5]. 
 113
Chapter 6: Mechanisms of PEG’s Effects on the Formation of Perovskite Structure 
 
nea




where O occupy site I and the O’ the site II.  The structure presented in Figure 6.2 is 
1/8 unit cell of the pyrochlore structure [5]. 
Due to different valences and ionic size between A2+ and B4+, as well as th
oxygen vacancies, there is a rearrangement of cations and anions in the pyrochlore 
structure. Figure 6.3 shows a schematic projection of a part of the pyrochlore structure 
along the threefold axis. The large A cation has eightfold coordination (nearly a 
of the hexagon is composed of corner-shared six BO6 octahedra, and the center of the 
hexagon contains overlapping projection of one A and one O’ atoms. Therefore the 
ture (A2B2O6O’) can be interpreted as interpenetrating networks of B2O6 and 
O’ units. The B2O6 network is regarded as the rigid frame structure, while the A2O’ 
network is only the zig-zag chains intersecting at O’ [6, 7]. 
rest neighbors, site II has four larger A nearest neighbors, and the site III has four 
smaller B nearest neighbors. In the pyrochlore structure, the anion site III positions 
Figure 6.3 A part of schematic projection of pyrochlore (A2 2 6
along the threefold axis [6]. 
B O O’) structure 
hexagonal bipyramid) and the small B cation is in octahedral coordination. The center 
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The oxygen coordinations for Pb (A) and B are presented in Figure 6.4. It can be 
observed that the oxygen atoms around the B cations form a nearly undistorted 
octahedron. For the oxocompounds of 6s2 in Pb2+, its coordination polyhedra can be 
very different [7]. Nevertheless, the stereochemical influence of the nonbonded 
elec
coordination of oxygen atoms around Pb2+ is expected.  
 
nt, the oxygen deficient 
pyrochlore phase would be suppressed.   
tron pair is evident. Therefore, in the pyrochlore structure, it is considered that the 
eight vertexes of coordination polyhedra around the Pb atoms are occupied in the 
following way: six oxygen occupies the six O sites and one oxygen the O’ site, and the 
oxygen vacancy site is occupied by the nonbonded lone pair, that is, sevenfold 
the defect-pyrochlore structure [8-10]. Based on this understanding, if the directional 
effect of the lone pair in the Pb
In general, the lone pair 6s2 in the Pb2+ tends to accommodate towards the vacancy 
in the pyrochlore structure. The phenomenon is compatible with the fact that to date
only lead or bismuth (with 6s2 in Bi3+) transition-metal oxides have been found having 
2+ is made less evide
Figure 6.4 Coordinations of  A (left) and B (right) cations. Note that nonlabeled 
spheres represent O atoms [7]. 
O’ 
Lone pair 6s  
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Removal of the O’ oxygen from the A2B2O6O’ pyrochlore structure gives the 
chemical formula ABO3. If the A and B cations order within a body-centered-cubic 
cation lattice rather than in a face-centered-cubic cation array, the structure becomes 
that of perovskite. The ideal ABO3 perovskite structure of Figure 6.5 consists of a 
cubic array of corner-shared B2O6 octahedra with a large A cation at the body-center 
position.  
By modifying the sol precursor with PEG200, per
6.2 Stabilization of the perovskite phase with PEG interaction 
ovskite phase forms directly 
from the amorphous gel and the pyrochlore phase is suppressed in the PZT, PZN-PT 
and PZMN-PT thin films. In contrast, 0.8PZN-0.2PT and 0.77PZMN-0.23PT films 
derived from the sol without PEG modification or with mono-ethylene glycol exhibits 
only pyrochlore phase. It is desired to clarify how PEG promotes the formation of the 
peroskite phase.  
There are two differences between PEG (H(OCH CH ) -OH) and ethylene glycol 
(HOCH CH OH). Firstly, PEG possesses ether oxygens (C-O-C) but ethylene glycol 
not; secondly, PEG has a longer chain than ethylene glycol. Despite that many 
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rese
ion.  Among the PEG species with molecular weights ranging from 200 ~ 
1450, PEG200 shows the most significant effect (Figure 4.9), implying that its 
interaction with Pb  which could weaken the directional effect of the lone pair 
elec
As evidenced by R. D. Rogers et al [13] with X-ray structural analysis, chelating 
rings often formed by connecting between oxygens in the PEG and Pb ions. It is 
shown that not only the ether oxygens, but also the oxygens in the hydroxyl are all 
connected to the Pb ions. There is a relationship between the chelate ring size and the 
metal ions radius. Izatt R. M. [14, 15] demonstrated that the crown ethers, especially 
elves in a nearly 
hexagonal equatorial plane leaving two axial sites for anion coordination. Longer 
chains either leave one end dangling or force unusual coordination geometries, which 
leaves no room for anion coordination. Smaller chains result in coordinative 
unsaturation which must be filled with solvent or bridging ligands. This can well 
exp
archers insist that the interaction between PEG and metal ions is through the ether 
oxygens in PEG [11, 12], the ether oxygen in the 2-MOE (HOCH2CH2OCH3) solvent 
used in this study did not apparently exhibit any effects on the crystallization when 
PEG was absent. Therefore, it is the number of the oxygens or the length of the PEG 
chains that determines how PEG interacts with metal ions and hence affects the 
crystallizat
2+
trons, is the strongest among those with different molecular weights.  
the 18-membered six-donor macrocycles ((-CH2-O-CH2-)6), are ideal for the stability 
of their Pb2+ complexes. R. D. Rogers et al [13] also found that pentaethylene glycol 
(with six oxygens) is the most appropriate choice of PEG for forming Pb2+ 
complexation, where the six oxygen donors can arrange thems
lain our experimental results that PEG with a molecular weight of 200 is the most 
efficient in promoting the formation of the perovskite phase in the (1-x)PZN-xPT thin 
films, because PEG200 has five or six donor oxygens. Based on this understanding, 
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the chelate rings formed in this study are illustrated in Figure 6.6, in which fairly 











As shown in Figure 6.6, by forming the equatorial rings around the Pb  ions with 
the anions at the two axial sites, the Pb-based complex is holodireced. Therefore, the 
6s  lone pair will lose its directional effects. This analysis is in consistency with the 
study of Shinmoni-Linvy’s group [16] on the stereochemical activity of the lone pair 
in divalent Pb compounds, in which it was found that when the coordination number 
of Pb is high (>6), holodirected compounds are formed in which the directional 
effects of the lone pair electrons become less evident. This trend can be probably 
expected on the basis of the “crowding” of the ligands.  As a result the pyrochlore 
phase with oxygen vacancies is not favored. 
Another effect induced by the chelate rings is that the O-Pb coordination enhances 
the oxidation states of the Pb2+ and makes the chemical state much closer to that in the 
perovskite phase, as demonstrated by the XPS results (Figure 4.16 (A) and Figure 5.4 






















Figure 6.6 Local environment of Pb  in the PEG-modified precursor. (A) PEG 
PEG200 arrange themselves in a nearly equatorial plane leaving two axial sites 
2+
with 5 oxygen donors; (B) PEG with 6 oxygen donors. Oxygen donors in the 
for anion (CH3COO-) coordination.  
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the electron charge in Pb2+ outer shell may shift to the oxygens around it, which 
causes the binding energy of the Pb element to shift to a higher value. As a result, the 
2+ 2+
ere we just discussed the interaction between PEG and Pb2+, however, PEG may 
also interact with other ions in the precursor, although the selectivity of Pb2+ to PEG 
is higher than other ions [14, 15]. Ac ng to the above analysis, the molar amount 
o nt 
o l oxides in the sol precursor, as found in this 
stud
ements for the stability of the perovskite 
stru
ionization state of the Pb  is enhanced thus making the chemical states of Pb  in the 
amorphous films closer to those in the perovskite phase. Meanwhile, as supported by 
both FTIR (Figure 4.14) and XPS results, the Pb-O bonds may not be broken during 
the pyrolysis and the oxygens are brought to the perovskite phase directly by 
rearranging themselves. Therefore the formation of the pyrochlore phase is skipped.  
H
cordi
f PEG added in the sol should be at least equal to that of Pb2+. The optimal amou
f 60 wt% of PEG based on the meta
y (Figure 4.10)  exactly has the same moles as Pb2+, with which the derived film 
most favorably exhibited the perovskite phase.  
6.3 Stability of the perovskite phase in PZN-based materials 
Among all the perovskite compounds, it is the most difficult to prepare PZN in 
single-phase perovskite under atmospheric pressure [17-19]. PMN is also difficult to 
synthesize, but can be synthesized with columbite method [20]. 
Numerous authors have studied the stability of the perovskite structure with 
respect to other structures. Two basic requir
cture are: 
1) the ionic radii of the cations should be within proper limits, which relates to the 
concept of a tolerance factor ‘ t ’ proposed by Goldschmidt [21].  
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+=                                                              (6.1) 
where Ar , Br , and Or are the respective ionic radii for the ions at the sites A, B, and 
oxygen, respectively, and  
t
2) the cations-anions should have a strong mutual ionic bond, which relates to the 
electronegativity difference, as expressed in the equation:  
2/)( OBOAOM XXX −−− +=                                                 (6.2) 
M-O
re stable perovskite phase than PZN. 
aluate the 
stability of the perovskite phase for PZN.  
alence  of a bond 
bet
where OAX −  is the electronegativity difference between A-site cation and oxygen, and 
OBX − the electronegativity difference between the B-site cation and oxygen.  
It is believed that the stable perovskite compounds should have a tolerance factor t 
= 0.88 ~ 1.09 and a high electronegativity. The values of t and X  for PZN are 0.985 
and 1.80, respectively. However, there are many compounds with lower tolerance 
factors and lower electronegativity but have mo
[22] Therefore, the parameter of t and XM-O are not suitable to be used to ev
Wakiya N. and Shinozaki K. et al [23] used bond valence to estimate the stability 
of perovskite-type compounds. In bond valence theory, the v  ijv
ween two ions i  and j is defined as  
]/)exp[( bdRv ijijij −=                                                    (6.3) 
where is the bond valence parameter, is the length of a bond between two ions 
 and 
ijR  ijd
i j , and b is a universal constant equal to 0.37Å. The sum of all of the valences 
from a given atom with valence obeys   i iV
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∑= ij                                                           (6.4) ji vV
For the bond valence parameters, the values reported in Ref. 24 were used. It was 
found that the absolute value of the bond valence sum of oxygen, OV  (1.71) of PZN, 
is the smallest in the reported Pb-containing perovskite-type compounds, which 
cor
.74). Since PMN can be 
synthesized with columbite method, it is assumed
responds to the fact that it is impossible to synthesize PZN under atmospheric 
pressure. The next to the smallest is that of PMN (1
 that the minimum value of OV  to 
stabiliz N is equal to e PZ OV  in PMN (1.74), so that the PT ( OV  is 1.83) amount 
d is about 25 mol%. This calculated result is consistent with the reportedneede  data on 
PZN-PT ceram
thin films synthesis achieved in this study.   
ics synthesis [25], and it is also in consistence with the results of the 
Table 6.1 lists the OV  values of the thin films synthesized in this study. For the 
calculations, it is assumed that OV  of solid solutions can be estimated by∑i OiVn , 
where n is the fraction of component i. The minimum value of OV  to stabilize PZN is 
equal to OV  in PMN. The OV  values of PZN, PMN and PT are 1.71, 1.74 and 1.83, 
respectively.  
hTable 6.1 T e calculated OV  values in (1-x)PZN-xPT and (1-x)PZNM-xPT. 
Perovskite 
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As shown in Table 6.1, for both PZN
valence of oxygen
-PT and PZMN-PT systems, the bond 
OV  tends to decrease with reducing PT amount, indicating a 
decreased stability of the perovskite phase. Only the OV  values of 0.8PZN-0.2PT, 
0.9PZN-0.1PT and 0.9(0.6PZN-0.4PMN)-0.1PT are less than 1.74, corresponding to 
the fact that minor pyrochlore phase only exists in these films (Figure 4.11 and Figure 
5.2).  
6.4 Thermodynamics and kinetics of the perovskite phase 
Section 6.3 discusses the stability of the perovskite phase in the PZN-based 
system. However, this evaluation based on the structure dimension and ion 
coordination is not considered kinetically during crystallization.  It only helps to 
explain why PZN-based materials are difficult to synthesize. In fact, by controlling 
the ero
PZN with single perovskite phase can be grown in a PbO flux [26, 27]. N. Wakiya et 
al [28] explained that the process of crystal growth is not under equilibrium, single 
e e
perature at which the degree of supercooling is large enough, the 
supercooling melt begins to transfer to another phase. According to Ostwald’s step 
rule [29, 30], the phase precipitated from the supercooled melt is the phase with 
smaller free energy difference from the supercooled m
crystal w ted fr  melt. During this process, the pyrochlore phase is 
skipped as the free energy difference between the me  and the perovskite phase is 
smaller.
 reaction kinetics, p vskite phase can form in the PZN system. For example, 
crystal is precipitated from the supercooled melt. As shown in Figure 6.7, the change 
of the fre nergy in the system moves from high to low temperature along the thick 
line. At a tem
elt. Therefore, PZN single 
















Figure 6.7 Schematic drawing of free energy in PZN during crystallization 
from supercooled melt [28]. 
 thin film preparation aided by PEG in this study, the pyrochlore phase is 








However, the perovskite phase in pure PZN is metastable, it decomposes into 
pyrochlor
In this study, by forming the equatorial rings by oxygens in PEG around the Pb2+ 
ions with the anions H (C
ith
favored. Besides, the interaction between oxygens in the PEG and Pb2+ makes the 
chemical state of lead close to that in the perovskite phase. The energy difference 
between the amorphous phase and the perovskite phase is thus reduced. Therefore, the 
perovskite phase forms directly from the amorphous gel precursor, and the formation 




e when the temperature is high (> 600 oC) [28]. For the PZN-PT thin films 
obtained in this study, the perovskite phase is not stable at a higher temperature when 
3COO-) at the two axial sites, the 6s2 lone pair will lose its 
directional effects. As a result the pyrochlore phase w  oxygen vacancies is not 
of the pyrochlore phase is skipped. In both of the cases of single crysta
 123







which is closer to that in the perovskite phase, as indicated by XPS results. As 
a result, the energy difference between the amorphous film and the perovskite phase is 
econd, as supported by R. D. Rogers el al. ’s report [13], PEG in this work 
probably interacts with Pb2+ by forming chelate rings, as a result, the directional effect 
of 6s2 lone pair in Pb2+ is weakened.  Since the lone pair 6s2 tends to accommodate 
towards an oxygen vacancy, which favors the formation of a pyrochlore phase in the 
PZN-based materials, as demonstrated by N. Wakiya [6] and C. Cascales [7] et al, the 
chelate rings formed around Pb akes the formation of the pyrochlore phase 
more difficult. PEG200, which has 5 or 6 oxygens in the formula, is the most efficient 
to form a stable ring around Pb2+. As a result, the pyrochlore phase from the PEG200-
mo
content is lower than 30 mol%. Although perovskite phase forms in the 580 oC 
annealed films, it transforms into pyrochlore phase when the temperature is higher 
than 700 oC, as shown in Figure 4.7. Therefore, the perovskite phase formed at a 
lower temperature in the PZN films with low PT content is a quasi-thermodynamic 
equilibrium.  
Interaction between PEG and sol precursors will cause two effects on the Pb  in 
the precursor.   
First, the chemical state of Pb  interacting with PEG shifts to a higher binding 
energy 
reduced. The formation of the perovskite phase is thus favored during crystallization 
of the amorphous film. 
S
2+ thus m
dified precursor is most efficiently suppressed. The moles of the optimal amount 
of 60 wt% PEG for stabilizing perovskite phase just corresponds to the moles of Pb2+, 
which agrees well with the theoretical analysis.  
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Due to the above two reasons, the addition of PEG in the sol precursor favors the 
formation of the perovskite phase while suppresses the pyrochlore phase. However, 
the stability of the perovskite phase tends to decrease with PT content, as supported 
by experimental results and bond valence calculation. The perovskite phase in the 
PZN-PT system with PT content less than 30% is thermodynamically unstable. The 
perovskite phase tends to decompose into pyrochlore phase at a higher temperature (> 
700 C) in the films with PT less than 30 mol%.  
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Chapter 7 Conclusions 
A systematic investigation was carried out on the development of perovskite 
ferroelectric thin films using a PEG-modified chemical solution deposition method. 
film ecursor solution on the crystal structure, 
ilms were studied. Efforts were made 
 in promoting formation of the 
perovskite structure, preventing cracking, as well as the transformation between 
pyrochlore and perovskite structures. The dielectric, ferroelectric and piezoelectric 
properties of the obtained thin films were characterized and discussed. The following 
major conclusions have been made from the present work: 
(1) PEG added in the precursor solutions significantly promoted formation of the 
perovskite phase while suppressed the pyrochlore phase in the resulting PZT, PZN-PT 
and PZMN-PT thin films. With the aid of PEG, perovskite phase in these films 
formed directly from the amorphous gel film at a lower temperature (~500 oC), but 
was not transformed from pyrochlore phase. In contrast, when the precursors were not 
modified with PEG, metastable pyrochlore phase formed in the PZT film and 
transformed into perovskite phase at a higher temperature. The pyrochlore phase 
formed in the PZN-PT and PZMN-PT films prepared from the sols without PEG and 
did not transform into perovskite phase, especially when PT content was low in the 
films. 
(2) PEG molecular weight affected the crystallization and morphology in the films. 
The morphology of the films tended to be less densified with the increase of PEG 
molecular weight as evidenced by the microscopic observations of PZT films, leading 
The work covered the preparation of the perovskite PZT, PZN-PT and PZMN-PT thin 
s. Effects of PEG addition in the pr
morphology and properties of the resulting thin f
in understanding the functioning mechanism of PEG
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to deteriorated mechanical a ost efficient to 
promote the formation of the perovskite phase, as demonstrated in the PZN-PT 
sys
(3) PEG addition amount in the precursor also affected the crystal structure of the 
films. An optimal amount of 60 wt%, based on the metal oxides in the precursor, lead 
to good crystallity of the perovskite phase in the PZN-PT thin films.  
erovskite phase was still 
dom
ored in eliminating the pyrochlore phase, e.g. pyrochlore phase formed in the 
1-la
nd electrical properties. PEG200 was the m
tem. 
(4) With the addition of PEG in the sol precursor, cracking was suppressed in the 
resulting films during pyrolyzing and annealing process, even when the thickness of 
the film was increased to above 1 µm. 
(5) With 60 wt% of PEG200, (001)-oriented epitaxial (1-x)PZN-xPT films with x 
> 0.2 exhibited nearly single perovskite phase. The p
inant over pyrochlore phase even in the 0.9PZN-0.1PT film which is at the MPB 
composition. 
By introducing PMN to PZN-PT films derived from the PEG200-modified 
solution, the pyrochlore phase was completely removed in the (1-x)PZMN-xPT films 
with x ≥ 0.23.  
(6) The stability of the perovskite phase in the PZN-PT and PZMN-PT systems 
decreased with PT amount. Bond valence calculation showed that the bond valence 
value of oxygen decreased with PT amount, corresponding to the decreased stability. 
The stability was also relevant to the thickness of the films. An increased thickness 
was fav
yer 0.77PZMN-0.23PT thin film (0.062 µm), but not in the 4-layer films (0.25 
µm). The reason may be due to the loss of Pb in the very thin films.  
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(7) Stabilization of perovskite phase aided by PEG was investigated based on the 
understanding of the pyrochlore structure.  Since there is a lone 6s2 pair in Pb2+, which 
tends to accommodates towards a vacancy, the pyrochlore structure with oxygen 
vac
tivity of PEG to 
Pb2+ is high. PEG possibly interacts with Pb2+ by forming chelate rings between 
oxygens from PEG and Pb2+. Therefore, the directional effect of the lone pair 
electrons in the Pb2+ is weakened so that the oxygen deficient pyrochlore phase could 
be suppressed. 
The reason for PEG200 being the most efficient to promote the perovskite phase 
is that PEG200 has five or six donor oxygens, which can form fairly stable 
macrocyles with lead ions, where oxygens can arrange themselves in a nearly 
hexagonal equatorial plane leaving two axial sites for anion coordination. Longer 
cha
ich must be filled with solvent or bridging ligands.  
The interaction between Pb  and oxygens from PEG makes the chemical state of 
Pb  shift to a higher binding energy which is closer to that in the perovskite phase, as 
indicated by XPS results. As a result, the energy difference between the amorphous 
film and the perovskite phase is reduced. The formation of the perovskite phase is 
thus favored during crystallization of the amorphous film. Results from FTIR and 
ancies (A2B2O7) is often favored in the Pb-containing compounds, especially at a 
low heat-treatment temperature (500 ~ 600 oC). Although PEG can interact with 
various ions, previous studies from some chemists show that the selec
ins either leave one end dangling or force unusual coordination geometries which 
leave no room for anion coordination. Smaller chains result in coordinative 
unsaturation wh
The amount of PEG added in the precursor solution should be at least equal to that 
of Pb2+ in mole. In this study, the equivalent amount of PEG is 60 wt%, based on the 
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XP
 (8) The 0.7PZN-0.3PT film prepared from the PEG-modified solution exhibited 
fairly high dielectric constant and typical ferroelectric hysteresis loop. The dielectric 
constant and loss of the film on the conductive LNO-coated LAO substrate were 1570 
and
(9) The 0.77PZMN-0.23PT films had extremely high dielectric constant and slim 
ferroelectric hysteresis loop. The dielectric constant and loss of the film on the 
LSMO-coated LAO substrate were 3494 and 0.06 at 1 kHz, respectively. The remnant 
polarization and coercive field are 12 µC/cm  and 19 kV/cm, respectively. The 
effe
To the best of our knowledge, this is the first time that the epitaxial PZN-based 
thin
S further indicated that the bonding formed between Pb2+ and the oxygens from 
PEG were not broken during the pyrolyzing process. The oxygens were likely brought 
to the perovskite phase directly by rearranging themselves.  
Due to the above reasons, the addition of PEG in the sol precursor favors the 
formation of the perovskite phase while suppresses the pyrochlore phase, so that the 
perovskite phase formed directly from the amorphous film at a low temperature (~ 
500 oC), but not from the transformation of the pyrochlore phase.   
 0.06 at 1 kHz, respectively. The remnant polarization and coercive field were 12 
µC/cm2 and 50 kV/cm, respectively. The effective d33 was 50.6 pm/V at 1.5 kHz 
without taking into account the clamping effect of the substrate. 
2
ctive d33 was 69 pm/V at 100 kHz without taking into account the clamping effect 
of the substrate.  
 films with single perovskite phase especially those around MPB compositions 
have been prepared. The electrical properties demonstrated by the 0.7PZN-0.3PT thin 
films are comparable with the currently used PZT. The 0.77PZMN-0.23PT thin films 
exhibit superior dielectric and ferroelectric properties and excellent piezoelectric 
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performance. The films possess great potentials for the applications in capacitors, 
ferroelectric memories, piezoelectric sensors and actuators. 
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Chapter 8 Future Plans 
inant in the 0.9PZN-0.1PT film which is 
near the MPB composition, the pyrochlore phase is not completely eliminated for this 
composition. As a result, we have not obtained its electrical properties. Therefore, it 
will be meaningful to further eliminate the pyrochlore phase in the PZN-PT thin film 
with the MPB composition to achieve excellent dielectric, piezoelectric and 
ferroelectric properties.   
PEG200 with an optimal content of 60 wt% (PEG : Pb2+ ≈ 1 : 1) in the precursor 
leads to a crystallization of the film with highly desired perovskite formation. 
Elaborate investigation may be carried out to find the effect of PEG with 5 (PEG194) 
or 6 oxygen donors (PEG236). And the molar ratio of PEG and cations (including 
Pb2+) should be further optimized.  
By replacing 40 mol% of PZN with PMN, a new system with MPB composition 
at 0.77(0.6PZN-0.4PMN)-0.23PT was obtained. Thin film with this composition 
prepared in this work exhibited excellent dielectric, ferroelectric and piezoelectric 
properties. In fact, the amount of PMN could be further reduced. Efforts in the future 
may be made on the preparation of PZN-PMN-PT system with a reduced PMN 
content but at new MPB, which will be confirmed by structural characterization and 
properties measurement.  
Pyroelectric and optoelectric properties of the new achieved thin films in this 
study should be characterized to explore their potential applications in these fields.  
In this work, LAO single crystal substrate was used to deposit the PZN-PT and 
PZMN-PT thin films. Efforts should be made to fabricate the films on Si substrates. A 
Although the perovskite phase is dom
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template layer with a perovskite structure is desired in order to promote the crystallity 
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